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Abstract 
 
Invasive plants have a significant detrimental effect on ecosystems globally, with impacts estimated at 
millions of dollars per invasive species each year. Biological control has long been used as a 
management tool for invasive plants, as it is considered a long–term cost–effective control strategy. 
Surprisingly, the impact of biological agents is rarely quantified. Any form of impact evaluation is 
generally conducted soon after agent release and establishment; with few studies examining the impact 
of the agents on the population dynamics of the invader, particularly once the agents have been 
established for a long time.  
 
The aim of the research in my thesis is to evaluate the biological control program of groundsel bush 
(Baccharis halimifolia L. Asteraceae) in Australia. The groundsel bush biological control agents were 
released up to 40 years ago and no quantitative assessment of agent impact has ever been conducted, 
despite the fact that the program has cost about $9.6 million. More specifically, the overall aim of this 
thesis is to investigate the impact of the released biological control agents on individual plants and 
populations of groundsel bush. In addition, my thesis aims to examine the impacts of climate as a 
potential confounding factor of the biological control program. 
 
My thesis provides a unique example of biological control evaluation by using a combination of 
observational damage studies, insect exclusion experiments, and statistical, population and climate 
modelling to assess, a posteriori, the effectiveness of biological control. This is the first time a 
long-term biological control program has ever been evaluated. 
 
To assess the efficacy of the agents, I conducted a large field survey to examine whether the agents 
were distributed throughout the entire range of groundsel bush and if any biotic or abiotic factors 
influenced their effectiveness. In addition to this, I assessed the effect of the agents on the growth, 
survival and fecundity of individual plants under field conditions, and subsequently population growth 
rate. To do this, I used statistical models of observed effects of biological control agent damage and 
insect exclusion experiments on plant growth and fecundity to parameterise matrix population models. 
My results indicate that the groundsel bush biological control agents may be patchy in their 
effectiveness due to factors such as rainfall and plant size. At their current rate of damage, the 
groundsel bush biological control agents do not reduce plant growth or fecundity significantly. 
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However, simulation models demonstrated that the agents have the potential to reduce individual plant 
and population growth when damage is at high levels. 
 
A reduction in an invader’s population growth rate, following the introduction of biological control 
agents, does not necessarily signify that the agents were responsible for the reduction. Factors such as 
land clearing, chemical and mechanical control, ecosystem health and climate may reduce populations 
of invasive plant species. With this in mind, I developed a series of climate models to examine how the 
favourability for growth of groundsel bush may change under different climate scenarios. The climate 
simulations demonstrated that the distribution and abundance of groundsel bush populations may have 
contracted in the past 50 years (post–biological control agent release) due to changing rainfall and 
temperature patterns.  
 
The results of the research in my thesis clearly show the need for thorough biological control 
evaluations, and for detailed data to be collected on the target plant’s demography and population sizes 
pre- and post-agent release. At a minimum, this should enable biological control practitioners to 
determine some level of agent impact and demonstrate support for further agent releases or integrative 
management strategies if necessary. Groundsel bush is a significant invader in Europe where biological 
control has not yet been carried out. Lessons from the evaluation of the Australian biological control 
program could be applied to new biological control programs elsewhere such as Europe.  
Overall, my research findings contribute to a better understanding of how to best evaluate a post-
release biological control program, using groundsel bush as a case study. This is the first study to 
demonstrate an effective set of strategies and quantitative tools to evaluate a biological control 
program, which can be similarly applied to any biological control program and contributes significantly 
to an area of biological control which has only recently received significant attention.  
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Chapter 1 
 
Introduction 
 
Invasive plants significantly affect biodiversity, agriculture and ecosystem functioning world-wide 
(Chapin III et al., 2000) with impacts estimated at millions of dollars per invasive species each year 
(Pimentel, 2000). As a result of these impacts, a considerable amount of money and effort is directed 
towards managing invasive plants and invaded ecosystems (Myers & Bazely, 2003). Management of 
invasive plants includes chemical, mechanical and biological controls as well as various combinations 
of these strategies over time (integrated weed management). When the extent of an invasion is large, 
biological control is often considered a more cost–effective management option. This is because once 
agents are established, it is assumed that the agents will co-exist with the invasive plants, and reduce 
the impact of the invaders, subsequently reducing the need for further management (McFadyen, 1998; 
McEvoy, 2002). 
 
In Australia, more than $65 million has been spent on biological control programs to date (Page & 
Lacey, 2006). Most resources for biological control programs are directed towards agent exploration, 
importation, rearing, release and establishment, with little money or effort allocated to assessing the 
effectiveness or impact of the agents, particularly over the long–term (McClay, 1995; McFadyen, 1998; 
McEvoy & Coombs, 1999). Despite the substantial investment in development and implementation, 
few biological control agents are monitored for their efficacy once established (but see Paynter et al., 
2006). Without quantitative evidence on the efficacy of these programs, the assessment of biological 
control as a cost–effective management solution is largely based on anecdotal evidence.  
 
The main aim of the research presented in this thesis is to demonstrate an effective set of strategies and 
quantitative tools to evaluate the impact of a biological control program on an invasive plant. I did this 
by evaluating a biological control program for Baccharis halimifolia L. Asteraceae (hereafter referred 
to as groundsel bush). Groundsel bush was introduced into Australia from the United States of America 
in the late 1800s and by the 1950s it was a significant pest in south-east Queensland and northern New 
South Wales. The biological control program against groundsel bush began in the 1960s. Overall, 35 
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agents were imported for testing, 14 were released and six insects and one pathogen have established, 
including three species of Lepidoptera: Aristotelia ivae (Busck) (Gelechiidae), Bucculatrix ivella 
(Busck) (Bucculatricidae) and Hellensia balanotes (Meyrick) (Pterophoridae); two species of 
Coleoptera: Megacyllene mellyi (Chevrolat) (Cerambycidae) and Trirhabda bacharidis (Weber) 
(Chrysomelidae), one species of Diptera: Rhopalomyia californica (Felt) (Cecidomyiidae) and one 
pathogen: Puccinia evadens Hark (Pucciniaceae). In total, this biological control program is estimated 
to have cost $9.6 million (Page & Lacey, 2006).   
 
The groundsel bush biological control program is one of many that is thought to be achieving some sort 
of control, has cost a significant amount of money and had never been evaluated (until now). The 
groundsel bush program provides a useful case-study of potentially variable success as the biological 
control program began decades ago and the plant still exists in large populations in Australia, although 
its priority for control appears to have reduced. A better understanding of how biological control agents 
survive, spread, and the impact they may have, is essential for the development of more effective 
integrated pest management strategies, improving future pre-release testing, and to justify the continued 
expenditure on biological control programs (Taylor et al., 2007; Morin et al., 2009). Groundsel bush is 
also a significant invader in Europe where biological control has not yet been carried out (Campos et 
al., 2004). Lessons from the evaluation of the Australian biological control program could be applied to 
new biological control programs elsewhere.  
 
Despite the success of groundsel bush never being evaluated (until now), there have been  a number of 
documented successes (e.g. Room et al., 1981; McEvoy et al., 1991; De Clerck-Floate & Wikeem, 
2009) and failures (e.g. Julien & Griffiths, 1998) in biological control, however this is dependent on the 
definition of “success” used (McFadyen, 1998). I suggest that a successful biological control program 
is defined as one that reduces the impact of a weed population below a predetermined social or 
economic threshold. Yokomizo et al., (2009) highlight how density-impact curves can alter 
management objectives and feasibility. Population density and the impact of the weed may not be 
linearly related; in some cases even a large reduction in population density may not lead to 
corresponding reductions in impact, for others even small reductions of density might lead to large 
reductions in impact. 
 
There are a variety of ways to evaluate biological control programs (e.g. Wapshere et al., 1989; 
McClay, 1995; McEvoy & Coombs, 1999; Blossey & Skinner, 2000) at the pre-release and short- and 
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long-term post-release stages, such as agent damage simulations, agent exclusion and demographic 
modelling. These methods and more are reviewed in detail in Morin et al. (2009) (Appendix A). Smith 
and DeBach (1942) propose three types of evidence for a successful biological control program: (1) 
introduction of the natural enemy in several locations, followed by a reduction in pest populations; (2) 
pest populations remain at a low level following establishment of the natural enemy; and (3) 
survivorship of pest populations is higher when protected from attack by the agents than when exposed. 
However, very few studies demonstrate the evidence of biological control success as suggested by 
Smith and DeBach (1942). 
 
In this thesis, I use several known techniques in a novel manner to assess the efficacy of the groundsel 
bush biological control program. Chapter 2 provides a detailed review of the ecology, biology and 
management of groundsel bush. This chapter presents the necessary background for the remaining 
chapters in my thesis as it outlines the biology and ecology of groundsel bush. Such a detailed 
description of groundsel bush has never been written. In Chapter 3, a large-scale survey is used to 
assess the current distribution of the agents and groundsel bush in south-east Queensland and northern 
New South Wales. Evaluation of any long-term biological control program, needs to initially determine 
whether the agents still exist and to what extent, throughout the range of the weed. The agents released 
for the biological control of groundsel bush were introduced up to 40 years ago and no monitoring of 
the agents has occurred. As a result, it cannot be assumed that the agents still exist and have spread 
throughout the entire range of the weed. Additionally agents were not released in all populations of 
groundsel bush, so surveying throughout the range of the weed is necessary to determine the 
distribution of the agents and the factors influencing this distribution. It is not sufficient to examine one 
population of the target species to determine the effectiveness of the entire biological control program. 
Agents may be patchy, not only in their distribution but also in their abundance and effectiveness. They 
may exist at a site, but only demonstrate low levels of damage, having no impact on individual plants 
or populations.  
 
In Chapter 4 I used a combination of surveys, experiments and modelling techniques to assess the 
overall impact of herbivory on populations of groundsel bush, which depends on the agent’s effect on 
individual plant vital rates (such as growth and fecundity) and the sensitivity of the population growth 
rate to changes in these vital rates (Schutzenhofer & Knight, 2007). Individual plant level effects are 
examined through the use of observational damage data, insect exclusion experiments and statistical 
models. Many studies have found a negative impact of herbivores and pathogens on individual plant 
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fitness (e.g. in Crawley, 1997). Conversely, others have found plants to be tolerant to herbivory with 
many even compensating for damage by increasing growth or fecundity (e.g. Paige et al., 2001; Pratt et 
al., 2005). However, understanding the impact of the agents on plant vital rates is only the first step in 
understanding how biological control may impact on plant populations. 
 
As correctly noted by Crawley (1989), “it is one thing to show that herbivorous insects affect plant 
performance. It is an entirely different matter to demonstrate that insect herbivory affects population 
dynamics.” Chapter 4 of this thesis also examines how agent damage at the individual plant level 
translates into population level impacts. Many models of plant population dynamics have been 
developed to assist with the selection of effective agents by identifying the most vulnerable stages of 
the weed’s lifecycle where damage would cause major adverse effects on population growth rates 
(Smith et al., 1997; Buckley et al., 2005a; Raghu et al., 2006b; Raghu et al., 2007; Ramula et al., 
2008). However, very few models have been developed after the agents have been released to 
determine which agents may be having a negative impact on population growth rate (but see Shea & 
Kelly, 1998; McEvoy & Coombs, 1999). This is because the basic data needed to develop these models 
is often scant.   
 
At the post-release stage, models are useful in demonstrating a mechanistic connection between the 
agent and reduced weed densities in order to exclude other explanations of population decline of the 
weed over time (Kriticos, 2003; Sims et al., 2006). Population models can be developed to predict the 
long-term dynamics of weed populations under pressure from the agent and evaluate if the agent will 
be sufficiently effective to achieve the performance targets of the program. For example, a model 
produced by Lonsdale et al. (1995) demonstrated that continued herbivory of spinyhead sida (Sida 
acuta Burman f.) in the field by the chrysomelid beetle Calligrapha pantherina Stål. should reduce the 
weed population to much lower densities; the extent dependent on the search efficiency of the beetle.  
 
A combination of empirical studies and models is particularly useful for evaluating the effect of 
introduced agents on target weed populations, and provides the necessary data to design a realistic, 
long–term evaluation program to demonstrate whether or not the program has been successful. For 
example, the data collected by Paynter (2005) on the effects of the stem-mining moth C. mimosa 
successfully validated the spatial model developed by Buckley et al. (2004). Through such coupled 
studies, biological control practitioners can be more confident in the decisions they are making and 
subsequently develop more robust management programs. Modelling based on results from empirical 
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studies, and ideally with exclusion experiments can facilitate evaluation of biological control programs 
for which no or limited prior data are available, even years after they were initiated (Sims et al., 2006). 
Exclusion experiments are useful because they show the direct impact of the insects on the growth and 
survival of the plant under the same conditions.   
 
The mechanisms underlying invasions are well studied (e.g. Hobbs & Huenneke, 1992; Davis et al., 
2000; Shea & Chesson, 2002); however, the relative importance of various mechanisms are 
inconclusive. Enemy-release, disturbance, genetics, dispersal, climate and the ecology of the recipient 
community may all play a role in facilitating invasion (e.g. Hobbs & Huenneke, 1992; Davis et al., 
2000; Shea & Chesson, 2002). It is often assumed that a reduction in populations of an invasive plant 
following the introduction of biological control agents is a result of successful biological control. This 
assumption is based on the enemy release hypothesis (ERH) which states that upon introduction to an 
exotic region, plant species should experience a reduction in regulation by herbivores and other natural 
enemies and as a result, increase in distribution and abundance (Keane & Crawley, 2002). Classical 
biological control involves importing these natural enemies in an attempt to regulate populations in the 
plant’s exotic range. In cases where release from enemies is not the main driver of species invasion, 
biological control programs may not be the most effective control measure but may be more effective 
as part of an integrated weed management strategy.  
 
Similar to the initial invasion, other factors may have an influence on invasive species distribution and 
abundance, for example climate. CLIMEX, a climate modelling tool, has been used in a number of 
ways in weed biological control programs, particularly to predict the best release sites for agents based 
on climatic variables. Chapter 5 reviews the use of CLIMEX in weed biological control research in an 
attempt to understand how assumptions and predictions of distributions of invaders are being made.  
 
Anecdotal evidence suggests that populations of groundsel bush have declined and its status as a weed 
has been reduced. Chapter 6 of this thesis explores the possibility that long–term changes in climate 
may have played a role in reducing the populations of groundsel bush since the introduction of the 
biological control program. This is conducted by using CLIMEX to predict how the favourability of a 
location for the growth and persistence of groundsel bush has changed over time.  
 
Thorough evaluations of biological control programs, particularly in the long term, are scant. The 
duration and logistics of such studies makes procurement of funding difficult (McFadyen, 1998) and 
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many funding bodies often doubt whether such evaluations are really necessary. Evaluating the impact 
of biological control agents should be an integral component of any biological control program; from 
the early agent selection phase to post-release long-term monitoring activities. The final chapter of this 
thesis (Chapter 7) summarises the significant findings of the study in relation to general ecological 
theory, outlines the limitations of each chapter and suggests future work that may overcome the 
limitations.  
 
Aims and summary of this thesis 
The overall aim of this thesis is to investigate the impact of the released biological control agents on 
individual plants and populations of groundsel bush. In addition, this thesis examines the impacts of 
climate as a potential confounding factor of the biological control program. 
  
Chapter 2 
To begin, Chapter 2 reviews the literature on the biology and ecology of groundsel bush. This review 
describes the distribution, habitat, growth, reproduction, management and detrimental impacts of 
groundsel bush. This is the first detailed description written about groundsel bush. This chapter 
provides the necessary background information for the remaining chapters in this thesis.  
 
Chapter 3 
This chapter examines the herbivore and pathogen damage caused by the seven established biological 
control agents on groundsel bush. A range-wide survey of the agents was conducted to understand how 
damage type and intensity were influenced by rainfall, temperature, elevation, population density, 
average plant size and variability in plant size. Overall, considerable variation in intensity of herbivore 
and pathogen damage was found throughout the range of groundsel bush. As a result, success of the 
biological control program would likely be patchy and dependent on some or all of the aforementioned 
factors such as rainfall and plant size.  
 
Chapter 4 
The experiments and models used to determine the individual and population level effect of the 
biological control agents released for the control of groundsel bush are described in Chapter 4. 
Simulation of the various damage types indicate that some of the agents may be successful in reducing 
plant vital rates and population growth rates, but only at high levels. High levels of damage were not 
seen throughout all populations of groundsel bush examined in Chapter 3.  
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Chapter 5 
This chapter provides a critical analyses of weed biological control applications of the climate 
modelling tool CLIMEX, one of the most widely used climate modelling tools. Climate affects the 
distribution and abundance of invasive species and as such climate modelling tools are used to predict 
the spread of already established species or probability of establishment and spread of newly 
introduced species. These tools rely on the assumption that climate is the primary factor in determining 
species distribution, subsequently their validity and usefulness is often criticised. The aim of this 
chapter is to highlight the components of CLIMEX modelling that are often omitted such as model 
verification, validation and testing. This is to ensure the future development and documentation of such 
models is more detailed and subsequently useful for management of invasive species.  
 
Chapter 6 
Anecdotal evidence suggests that groundsel bush populations have declined in over the past 50 years in 
Australia. Its priority for management has also reduced. This coincides with the introduction of a suite 
of biological control agents. While biological control may be responsible for this decline, Chapter 6 
investigates an alternative hypothesis – that long-term change in the favourability of the climate may 
have changed growth conditions for groundsel gush throughout its Australian range. This chapter 
demonstrates that climate alone has had a significant effect on the distribution and abundance of 
groundsel bush in the recent past, and future priorities for management of groundsel bush should focus 
on its southern distribution. Determining the success of the biological control program in isolation from 
the observed climate effects is difficult. Given the likelihood of future climate change worldwide, 
evaluation of biological control programs in general will need to also account for climate effects. 
 
Chapter 7 
The final chapter in this thesis summarises the key findings of this thesis and outlines its limitations. 
Future research directions are also addressed.  
 
Given that groundsel bush still exists in large populations, in Australia, the biological control program 
cannot be deemed as successful at eradicating this weed, however I hypothesise that the agents will 
have an impact on individual plants and populations of groundsel bush but the extent of their impact 
will depend on external factors such as plant size, population density and climate. 
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Chapter 2  
 
The biology of Australian weeds 
Baccharis halimifolia (L.) 
 
Nikki M. Sims-Chilton and F. Dane Panetta 
Accepted – Plant Protection Quarterly 
 
 
Summary 
 
Baccharis halimifolia L. Asteraceae is a dioecious perennial shrub which grows to about 6 m. It was 
introduced into Australia from the United States of America in the late 1800s as an ornamental plant. 
After its introduction, populations of groundsel bush spread quickly into south-east Queensland and 
northern New South Wales and by the 1950s it was a declared pest plant. This chapter will provide the 
necessary background information about the ecology and biology of groundsel bush. This is the first 
known comprehensive review of this species as an invader.      
 
Name 
 
The genus name Baccharis is after the Greek bakkaris, an oil producing plant (later called “Celtic 
valerian”) (Parsons & Cuthbertson, 1992). The species name halimifolia is derived from the Greek 
alimos meaning “seas” and the Latin folium meaning “leaf” (Parsons & Cuthbertson, 1992). Baccharis 
halimifolia (L.) belongs to the family Asteraceae, which is the largest family of flowering plants, 
comprised of over 1100 genera and 19 000 species (Zomlefer, 1994). Baccharis is a large genus, 
comprised of over 400 species (Mahler & Waterfall, 1964; Zomlefer, 1994) distributed over seven 
geographical areas: Brazil, Andes Mountains, Andes-Patagonia, Guyanarum, south-east Brazil, Mexico 
(including western United States of America) and the Antilles (including east United States of 
America) (Boldt, 1989). In Australia, B. halimifolia is most commonly known as groundsel bush. 
“Groundsel” refers to the groundsel-like flowering heads, as in plants in the Senecio genus (Parsons & 
Cuthbertson, 1992). In its native region it is often referred to as saltbush (Stevenson, 1969; Proffitt et 
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al., 2005), groundsel tree (Altfeld & Stiling, 2006), sea myrtle (Caccamise, 1977; Dickens & Boldt, 
1985) and eastern Baccharis (Adlerz, 1980).  
  
 
Description 
 
Baccharis halimifolia is an erect, woody, perennial shrub that grows to about 6 m high (Mahler & 
Waterfall, 1964); the bases of stems have been found up to ca 18 cm in diameter (Winders, 1937). It is 
diploid and the chromosome number in all Australian and American species is 2n = 18 (Westman et al., 
1975). In its native range in the United States of America, B. halimifolia is deciduous. However, in 
Australia it is evergreen (Westman et al., 1975). Stems are initially green, becoming brown and woody 
with age. The bark of more mature stems is deeply fissured (Parsons & Cuthbertson, 1992). Shoots are 
described as being diageotropic (growing in a horizontal manner) (Kupfer, 1903). Leaves are arranged 
alternately along the stem (Parsons & Cuthbertson, 1992) and are distinctly petiolate or sessile (Bailey, 
1900) (Fig. 2.1). Leaves are present at flowering and are elliptic to rhomboid in shape. The leaf bases 
are cuneate, margins are coarsely serrated (teeth 1–3 pairs) and abaxial surfaces are glabrous. Leaves 
are prominently 1-nerved with two lateral nerves extending from the midrib above the leaf base 
(eFloras, 2009). Large leaves are approximately 2.5 to 5 cm long and 2.2 cm wide (Parsons & 
Cuthbertson, 1992) (Fig. 2.1).  
 
 
Figure 2.1. Leaves of Baccharis halimifolia. Photo by Nikki Sims-Chilton. 
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Baccharis halimifolia is a dioecious species. Male flowers are yellow due to the large amount of pollen 
(Parsons & Cuthbertson, 1992) and female flowers are white due to the pappus attached to each achene 
(Krischik & Denno, 1990a) (Fig. 2.2). The inflorescences are widely paniculate and the receptacles are 
green and flat to convex (eFloras, 2009). Achenes (hereafter referred to as “seeds”) are ribbed, 
approximately 1–1.7 mm long and have a dry weight of approximately 0.1 mg (Panetta, 1979c) (Fig. 
2.3b and 2.4). The pappus is approximately 3–4 mm long with a flaccid plumosed tip (eFloras, 2009). 
Baccharis halimifolia plants have a deep branching taproot with many fibrous roots in the upper soil 
layers (Parsons & Cuthbertson, 1992). There is no difference between male and female plants in leaf 
morphology, branching pattern or plant size (Krischik & Denno, 1990a).  
 
 
 
Figure 2.2. Female inflorescences of Baccharis halimifolia. Photo by Nikki Sims-Chilton. 
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Figure 2.3. Reproductive structures of Baccharis halimifolia. Capitulum from female plant (a) seed 
plus pappus (b) and flowering branch of male plant (c). Drawings by Nicola Oram, Botanical Gardens 
Trust. 
 
 
 
Figure 2.4. Seeds of Baccharis halimifolia. Australian 5 cent coin used for scale. Photo by Nikki Sims-
Chilton.  
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History 
 
Baccharis halimifolia is believed to have been introduced to Australia from the United States of 
America as an ornamental species in 1888 (Bailey, 1900). By 1900 it was reported to have escaped 
from gardens into waste places of areas surrounding Brisbane, Queensland (Winders, 1937) and it had 
become a serious weed in coastal areas of south-east Queensland by the 1930s. In the 1970s, it was 
reported to have established south into areas of northern New South Wales to Macksville 
(30º42'23.34"S, 152º55'15.51"E) (Auld, 1970) and further north in Queensland to about Miriam Vale 
(24º19'43.14"S, 151º33'38.12"E). Baccharis halimifolia was officially declared noxious in 1951, due to 
its ability to invade pastures and native Melaleuca wetlands (McFadyen, 1973). Since then, the status 
of B. halimifolia as a pest appears to have decreased. A number of factors may have contributed to its 
decline, including mechanical and chemical control efforts by land holders and councils, the 
introduction of biological control, land use changes and development, and changes in climate (see 
Chapter 6).  
 
 
Distribution 
 
Baccharis halimifolia is native to the United States of America where it is found along the Gulf and 
Atlantic coasts having a tropical to temperate distribution. Its approximate range extends from Texas 
(29°27'3.6"N, 97° 29'38.3994"W) to Massachusetts (42°52'0.12" N, 71°4'0.1194" W) (Fig. 2.5). It has 
also been recorded in Spain, France and Australia (Fig. 2.6), where it is considered an invasive species. 
In Spain and France, B. halimifolia is found along the Biscay Coast (Parsons & Cuthbertson, 1992). It 
was introduced to France in 1863 as an ornamental plant. It is problematic in areas of most Spanish 
estuaries from the Ria of Tina Mayor (region of Asturias) to the border with France (Campos et al., 
2004), where it is noted as the biggest weed problem in the region (Meaza & Cadiñanos, 2000; cited in, 
Campos et al., 2004). It has invaded over 128 ha of the subhalophilous saltmarsh of the Urdaibai 
Biosphere Reserve in Spain (Onaindia et al., 2001). Baccharis halimifolia was found to be one of the 
most abundant species in degraded salt marshes of Urdaibai and Galera (Bay of Biscay coast) 
(Onaindia et al., 2001). 
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Figure 2.5. Distribution records of Baccharis halimifolia in the United States of America. Latitude and 
longitude lines have been added for reference.  
 
 
In Australia, B. halimifolia has been recorded only in Queensland and New South Wales (Fig. 2.6). An 
assessment of the potential distribution (in relation to climatic variables) of the species suggests that it 
has potential for spread, particularly further south into New South Wales and Victoria (see Chapter 6) 
(Fig. 2.7). However, predictions show that the growth potential of B. halimifolia is highest in areas that 
it now occupies (see Chapter 6) (Fig. 2.7).  
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Figure 2.6. Positive collection records for Baccharis halimifolia in Australia. 
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Figure 2.7. CLIMEX model for Baccharis halimifolia (see Chapter 6). A higher Ecoclimatic Index 
indicates a more favourable location for growth and persistence of the species.  
 
 
Habitat 
 
Climatic requirements 
Baccharis halimifolia is able to germinate and grow over a wide range of temperatures. In its native 
region, it is found in Florida, which has a humid sub-tropical to tropical climate, and also in areas such 
as Connecticut, which is temperate and has snowfall in winter. For annual development and seed 
ripening in Australia, B. halimifolia requires a long warm summer and an annual precipitation of more 
than 900 mm, mainly occurring in summer (Winders, 1937; Westman et al., 1975). Such conditions 
generally occur along the east coast. Further inland, rainfall is lower and as such, growth is better in 
moist areas such as creek banks and swamps (Winders, 1937). Similarly, in its native range, B. 
halimifolia is recorded along shorelines, coastal canals and irrigation channels (Westman et al., 1975).  
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Substratum  
In its native region, B. halimifolia is a late seral species on foredunes above the tidal reach. It is also 
found inland (e.g. in sandy loams in Florida) (Kurz & Wagner, 1954; cited in, Westman et al., 1975) 
and in freshwater swamps. Baccharis halimifolia has been found on a wide range of soil types in 
Australia, from dry infertile forest soils to rich volcanic loams and low-lying clay soils with high 
moisture content (Winders, 1937). It typically grows in moist soils with high organic content (Egler, 
1952; cited in, Allain & Grace, 2001). In both its native and invasive ranges, it is often found in soil 
covered by brackish water with a salt content ranging from 0.5 to 2% (Boldt, 1989). It also has a wide 
tolerance to soil pH values and has been found in soils with a pH ranging from 3.8 to 9 (Westman et 
al., 1975; Young et al., 1994; Ensbey, 2001) and chlorinity from 0 to 2%. Plants in Queensland were 
reported at sites with a Kjeldahl nitrogen range from 560–5500 ppm (mean ± SE 2390 ± 413 ppm) 
(Westman et al., 1975). In Spain, B. halimifolia was associated with high elevations and coarse sand, 
and fewer plants were found at high soil moisture, silt content and conductivity (Onaindia et al., 2001). 
This is in contrast to the positive associations with moisture referred to in other studies (Westman et 
al., 1975; Boldt, 1989). 
 
Plant associations 
Baccharis halimifolia has the ability to establish within a wide variety of vegetation associations, from 
exotic pine plantations (Pinus elliottii Engelm) to native tea-tree (Melaleuca quinquenervia (Cav.) 
S.T.Blake) swamps (Panetta, 1979a). In an Australian study, the most common nearest neighbour of 
B. halimifolia was itself, indicating that the plants are highly aggregated (Westman et al., 1975). 
Imperata cylindrica (L.) (P. Beauv) (blady grass) was its second most common neighbour. Baccharis 
halimifolia was also closely associated with Themeda australis (R.Br.) Stapf, Paspalum dilatatum 
(Poir.), Pteridium esculentum (G.Forst.) Cockayne, Tristania conferta (R.Br.), M. quinquenervia and 
Eucalyptus intermedia (R.T.Baker). In Australia, B. halimifolia may also be associated with the 
following tropical pasture species: Setaria sphacelata (Schumach.) Stapf & C.E.Hubb., Melinus 
minutiflora (P.Beauv), Phaseolus atropurpureus (DC.), Desmodium intortum (Mill.) Urb. and Glycine 
javanica (L.) (Westman et al., 1975; Panetta, 1977).  
 
In its native range, B. halimifolia is abundant in swamps dominated by Melaleuca leucadendron (L.)L. 
and along sandy shorelines consisting of Casuarina equisetifolia (L.) (Westman et al., 1975). Both of 
these species are pests in the United States of America (Williams, 1980; Gordon, 1998). Groundsel 
bush is commonly associated with Iva frutescens (L.) (McCaffrey & Dueser, 1990; Tolliver et al., 
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1997) and Myrica cerifera (L.), (McCaffrey & Dueser, 1990; Tolliver et al., 1997; Wang et al., 2006) 
both perennial shrubs that are found along the east coast of North America. In a survey of the plant 
communities in the Kissimmee River floodplain, B. halimifolia, along with Paspalum notatum (Alain 
ex Flüggé), Rubus cuneifolius (Pursh), M. cerifera and Thelypterus interrupta (Willd.) K. Iwats., 
dominated the community (Toth, 2005). In New Jersey, USA, B. halimifolia was successfully used 
(with M. cerifera and I. fructescens) to help inhibit the spread of the invasive plant, Phragmites 
australis (Cav.) Trin. Ex. Steud. in brackish marshes (Wang et al., 2006).  
 
 
Growth and development  
 
Baccharis halimifolia is a small-seeded species and consequently has only moderate seedling growth 
potential (Panetta, 1977). Slow growth during the establishment phase of seedlings may lead to 
extended periods of drought susceptibility. Root growth exceeds that of the shoots at the seedling stage 
(Parsons & Cuthbertson, 1992). Growth increases during summer and plants reach approximately 1 m 
in their first year of growth (Parsons & Cuthbertson, 1992).  
 
Shade and nutrients have been found to have a significant impact on the growth and development of 
groundsel bush. Shade was found to have a significant impact on seedling growth, particularly during 
the first 11 weeks (Panetta, 1977). Heavily shaded seedlings took longer to reach maximum root 
allocation than those more exposed to sunlight. Over time, root allocation increased under all light 
treatments, however reaching a peak earlier in the more open grown and lightly shaded treatments. 
During the first 13 weeks of its growth, B. halimifolia can tolerate low nitrogen conditions (Westman et 
al., 1975). While the aforementioned authors found a significant negative effect of low nutrient 
(Hoagland’s nutrient solution) and phosphorus treatments on the total dry weight of young 
B. halimifolia plants, they found no effect of low levels of nitrogen. Foliar nitrogen concentration has 
been recorded as approximately 1.7% of dry mass of B. halimifolia plants in its native range (Moon & 
Stiling, 2004; Altfeld & Stiling, 2009).  
 
There is no difference between male and female B. halimifolia plants in the number of shoots/branch, 
frequency of flowering shoots/branch and the number of flowers/shoot (Krischik & Denno, 1990b). 
However, male shoots are longer, grow faster and have more tender leaves than females (Krischik & 
Denno, 1990b). The effect of density and nutrients on growth, survival and flowering was examined on 
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B. halimifolia plants in their native range (Krischik & Denno, 1990b). The study showed that plants in 
low densities with high nutrient availability had the longest shoots, the highest survival rates and the 
highest incidence of flowering.  
 
Physiology of the plant 
The physiology of groundsel bush has not been extensively studied. It has been suggested that B. 
halimifolia engages in a C3 (Calvin cycle) metabolism (Westman et al., 1975).  
High levels of amino acids are present in leaves in summer (Brodbeck et al., 1900). Total amino acid 
xylem concentration was documented as 4.5mM (Andersen et al., 1989).  
 
Baccharis halimifolia remained free of visual symptoms of salt injury when irrigated with solutions of 
up to 12 g kg-1 salinity (Graves & Gallagher, 2003). However, this level of irrigation reduced 
photosynthesis by 10% but had no effect on stem elongation. Baccharis halimifolia had low stomatal 
conductance when exposed to freshwater and saltwater flooding (Tolliver et al., 1997). At 2 and 5 g L-1 
salinity, B. halimifolia demonstrated reduced stomatal conductance and at salinities greater than 
10 g L-1, mortality occurred. 
 
Physiology of seeds and germination 
Germination at constant temperature and continuous light is markedly reduced where light has low 
red/far red (R/FR) ratios (Panetta, 1979c), but under conditions of fluctuating temperature and 
intermittent light, maximum levels of germination occur in light regimes with both high and low R/FR 
ratios (Panetta, 1979c). In the absence of light, germination at constant temperature is minimal (< 5%), 
but approximately 25% of seeds germinate in darkness with a 7.5ºC diurnal temperature fluctuation 
(Panetta, 1979c). This suggests that deep seed burial may enforce a high level of dormancy in a seed 
population. Some of the seeds that had been buried at 5 cm for 2 years were capable of germination 
upon excavation, although this work did not involve quantitative retrieval (Panetta, 1979c).  
 
Under constant light, germination of B. halimifolia seeds was found to be fastest at a temperature of 
25ºC. However, total cumulative germination was highest between 15–20ºC (Westman et al., 1975). 
Similarly, Panetta (1979c) found 18ºC was optimum for germination of B. halimifolia seeds, with 
germination percentage declining steadily with increasing temperatures. Seeds pre-treated at 5ºC 
demonstrated higher cumulative germination than those pre-treated at 0ºC or maintained at room 
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temperature (Westman et al., 1975). Removal of the achene outer layers also improved germinability of 
B. halimifolia seeds (Kuti et al., 1990). 
 
Field observations by Westman et al. (1975) indicated that B. halimifolia seeds germinated within a 
month of seed set in Queensland, suggesting little or no dormancy in the absence of burial. Thus, if 
conditions are suitable, germination of seeds is quite rapid. The mean time to 50% cumulative 
germination of field-stored seeds (for 3 months) was only 2.21 days versus 4.96 days in seeds that had 
been lab-stored for the same period (Panetta, 1979c). Germination rates did not differ between seeds 
that had been stored on the soil surface or buried in the field (Panetta, 1979c).  
 
Salinity has been found to have a negative effect on germination (Young et al., 1994). At 2 g L-1 
salinity, 20% of B. halimifolia seeds germinated whereas at 20 g L-1 less than 5% of seeds germinated.  
 
Phenology 
Seasonal changes of leaf quality have been recorded for B. halimifolia. From spring to summer there is 
a general increase in leaf biomass, thickness, toughness and size (Kraft & Denno, 1982). Flowers are 
produced in late summer to early autumn (Krischik & Denno, 1990a) and at this stage leaf biomass 
slowly decreases (Kraft & Denno, 1982). In Australia, flowering peaks in areas of high elevation 
occurred 3–4 days later than those in coastal areas (Westman et al., 1975). Male flowers are produced 
approximately 2 weeks before female flowers (McFadyen, 1972 and personal observations).  
 
Most B. halimifolia seeds germinate after seed shed, which occurs in late autumn to early winter, 
depending on seasonal conditions and site-to-site variability (Ensbey, 2001). At this time, tropical grass 
and legume pasture species enter a quiescent phase due to the low temperatures, and shading of 
B. halimifolia seedlings by these species is minimal (Panetta 1977).  
 
 
Reproduction 
 
Floral biology 
Baccharis halimifolia is a dioecious species and generally produces flowers after one year (Anon., 
2007). The sex ratio in most cases is 1:1 (Doley, 1973). Plants allocated a high water and nutrient 
treatment were significantly more female-biased whereas plants grown under poor conditions were 
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significantly more male-biased (Krischik & Denno, 1990a). Plants grown under moderate conditions 
demonstrated no bias towards either sex. Female flowers are wind- and sometimes insect-pollinated; 
pollen grains have a diameter of approximately 14–15.5 µm (Westman et al., 1975; Panetta, 1979a).  
 
Seed production and dispersal 
Baccharis halimifolia is allogamous (cross-pollinating) and is a very prolific seedling plant, producing 
over 1 million seeds in a 5 m high plant (Panetta, 1979a). Floral initiation and seed fill are both 
sensitive to small differences in light intensity. For flowering to occur, B. halimifolia plants required a 
60–70% Integrated Solar Track (IST) value (IST: percentage of open sky in the area bounded by the 
lines formed by the sun’s positions, 1000–1400 hours (Panetta, 1979b). Plants are capable of producing 
seeds under low light conditions (3% sunlight), but heavy shading results in a major reduction in seed 
yield (Westman et al., 1975; Panetta, 1979d).  
 
The number of seeds produced per female plant is closely correlated with both plant volume (Fig. 2.8) 
(Sims-Chilton, unpublished) and dry weight (Panetta, 1979b). Estimates of seed production range 
between 10 000 (Auld, 1970) and 1 500 000 (Westman et al., 1975) seeds per plant. As the plants age, 
seed production decreases; 9-year-old plants produced 31% less seed than 4-year-old plants (Boldt 
1989).  
 
 
Figure 2.8. Number of Baccharis halimifolia seeds produced (ln) in relation to plant size (ln m3).  
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Seeds (Fig. 2.3 and 2.4) are attached to a pappus and are readily dispersed by wind (Boldt 1989) and 
water (Panetta, 1977). They have been recorded as drifting up to 140 m from a 2 m high plant (Diatloff, 
1964). However, most seeds fall within a few meters of the parent plant (Parsons & Cuthbertson, 
1992).  
 
 
Hybrids 
 
Baccharis halimifolia has been recorded as having hybridised with B. neglecta and B. angustifolia in its 
native range in Arkansas, Louisiana, and east Texas. In Florida, B. halimifolia is known to hybridise 
with B. angustifolia (eFloras, 2009). No molecular analysis has been conducted to confirm this hybrid. 
 
 
Population dynamics 
 
Baccharis halimifolia has the ability to invade habitats where native vegetation is periodically 
disturbed by fire, flooding or animal activity (Panetta, 1977). There are no published studies of the 
complete population dynamics of B. halimifolia, but a partial analysis has been undertaken (Chapter 4). 
Mature B. halimifolia plants generally have a high survival rate (> 90%) and rapid growth (Wang et al., 
2006). A complete fertiliser was applied to a native heath community in the coastal lowlands of 
south-east Queensland in 1952–3. Fourteen years after the addition of fertiliser, B. halimifolia and 
another serious weed (Imperata cylindrica) became established in the native vegetation (Connor & 
Wilson, 1968). This indicates that disturbances that increase fertility may favour the invasion of B. 
halimifolia over native species (Westman et al., 1975). 
 
The effect of fire on B. halimifolia growth has also been examined. One year after fire, mean shoot 
density and plant height were reduced significantly and remained lower (47% and 43% respectively) 
compared to their original values. However, the rate of recovery of the plants varied from site to site 
(Allain & Grace, 2001).  
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Panetta (1979d) found evidence of self-thinning of B. halimifolia populations, since the density of 
plants in a 4-year-old stand was negatively correlated with mean dry weight of the plants. Comparison 
of two different aged populations of B. halimifolia (4 and 9 years old) indicated cessation of annual 
recruitment in the older stand as no small seedlings were found (Panetta, 1979d). This may have been 
due to a reduction in light, or an increase in the amount of litter in older stands. 
 
Spartina alterniflora (Loisel.) clones growing on elevated sediments play a facultative role in the 
colonization, growth and survival of B. halimifolia plants (Egerova et al., 2003). Greater growth and 
survival in the clones is thought to be the result of micro-environmental conditions such as moisture or 
salinity.  
 
 
Importance 
 
Detrimental 
In Australia, B. halimifolia is a major pest of pastures and native Melaleuca wetlands (Westman et al., 
1975). Thick stands can inhibit the movement of stock and reduce the productivity of grazing areas 
(Ensbey, 2001) (Fig. 2.9). B. halimifolia consumes resources (water and nutrients) otherwise used by 
commercial pasture and timber species in coastal situations (Westman et al., 1975; Anon., 2007) and it 
may also be able to postpone overtopping by woody perennial competitors (Panetta, 1979b). In 
Melaleuca wetlands, it forms a thick understory and suppresses growth of native sedges (Anon., 2007). 
It has little nutritional value for livestock and has been reported to be associated with livestock 
poisoning due to the cardiotoxic glucosides found in the leaves of the plant (Boldt, 1989). However, 
there are very few records of poisoning, probably due to the low palatability of the plant. Baccharis 
halimifolia is generally grazed only when grass is scarce (Everist, 1974). Other studies have shown no 
poisoning effects. For example, White (1936) fed B. halimifolia to two heifers for 13 days. The animals 
appeared emaciated, but no symptoms of poisoning were evident. Baccharis halimifolia is also reported 
to cause hayfever-type allergies (Moss, 1967; cited in, Panetta, 1979a). 
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Figure 2.9. Infestation of juvenile and flowering plants of Baccharis halimifolia. Photo from 
Biosecurity Queensland. 
 
 
Baccharis halimifolia has reduced populations of many species in Spain and Australia. For example, 
Matricaria maritima W.D.J. Koch (L. Asteraceae) is now on the verge of extinction in Spain as a result 
of local dominance by this weed (Campos et al., 2004).  
 
Beneficial 
In Florida, B. halimifolia is recommended as a garden shrub/hedge as it is extremely hardy, resistant to 
salt spray and flowers in autumn. Many of the 250 species in the Baccharis genus are reported to 
possess medicinal properties in their native range and others are considered good fodder for horses 
(Bailey, 1900). In its native range, B. halimifolia plants are targeted by a large suite of herbivores and 
pathogens (Kraft & Denno, 1982; Palmer & Bennett, 1988; Tomley & Willsher, 2002; Moon & Stiling, 
2004) and for nesting and habitat by red-winged blackbirds (Agelaius phoeniceus L.) (Caccamise, 
1977) and coastal plain swamp sparrows (Melospiza georgiana nigrescens ITIS) (Beadell et al., 2003).  
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Legislation 
 
In Queensland, B. halimifolia is declared as a class 2 pest under the Land Protection (Pest and Stock 
Route Management) Act 2002. By definition this means that the pest is established and “is causing, or 
has the potential to cause an adverse, environmental or social impact in the State, another State or a part 
of the State or another State”. Landowners are legally responsible for taking reasonable steps to keep 
their properties free of a class 2 pest. It is an offence to keep or sell B. halimifolia without a permit. In 
New South Wales, B. halimifolia is a class 3 pest: “plants that pose a serious threat to primary 
production or the environment of an area to which the order applies, are not widely distributed in the 
area and are likely to spread in the area or to another area”. As per Queensland legislation, measures 
must be taken to control B. halimifolia in New South Wales.  
 
 
Weed management 
 
As mentioned above, B. halimifolia is recognised in Australia as a serious weed and has been so since 
at least the 1950s. Its ability to grow and persist on a wide range of soil types and its capacity to 
produce large amounts of well-dispersed seed further enhances the problem. Management of 
B. halimifolia has taken a number of forms over the past 50 years, but the weed is still quite abundant 
in some areas in south-east Queensland and northern New South Wales. Mechanical and chemical 
controls were used in the initial stages of management. However, these methods are often laborious and 
expensive, so in the 1960s a biological control program commenced.  
 
Mechanical control 
Baccharis halimifolia has been mechanically controlled a number of different ways. Digging 
(“grubbing”) is a process that aims to remove both above- and below-ground plant parts. In many 
cases, this method is beyond the capacities of landholders. Large infestations are often slashed which, if 
conducted at the right time, can suppress flowering and subsequently reduce seed production and 
spread (Ensbey, 2001). Young B. halimifolia plants can be pulled out by hand, but this is only feasible 
in small infestations (Ensbey, 2001). Ploughing and subsequent harrowing is practical in patches of 
B. halimifolia where plants have not yet attained a tree stature. Burning B. halimifolia patches is also an 
effective method of control, but rapid regrowth is quite common (Allain & Grace, 2001). In more 
recent times, mechanical control is the least favoured option.   
 43
 
Chemical control 
The control of B. halimifolia can be achieved through the use of a number of herbicides. An overall 
spray application of either 0.2% salts or esters of 2,4-D ((2,4-dichlorophenoxy) acetic acid) or 2,4,5-T 
((2,4,5-trichlorophenoxy) acetic acid) in water easily controls B. halimifolia (Harvey, 1900). Basal 
barking with esters in oil and cut-stumping using salts in water, and esters in water or oil, are also 
effective control methods (Armstrong & Wells, 1979). In the 1950s, cutting (“brushing”) was the most 
common method used. This is the process of cutting the plant and swabbing the stem with chemicals. 
Currently recommended chemical control methods are listed in Table 2.1. 
 
Table 2.1. Herbicides registered for Baccharis halimifolia control in Queensland (After Anon., 2007). 
Situation Herbicide Method of applicationA Rate 
Pastures; non-
agricultural; industrial 
land; rights-of-way 
2,4-D amine (500 g L-1) Air - higher rate for bushes 
High volume foliar spray 
Cut stump 
Misting 
 
3.6–5.5 L ha-1 
0.4 L 100 L-1 
300 mL 15 L-1 
1.2 L 15 L-1 
Pastures; non-
agricultural land 
2,4-D acid (300 g L-1) Helicopter spraying 
Basal bark or cut stump 
Knapsack for foliar spraying 
Sprinkler spray – 1 L 100m-2 
10 L ha-1 
33 mL L-1 kerosene  
100 mL 10L-1 
1L 10L-1 
 
Pastures 2,4-D ester (800 g L-1) 
(600 g L-1) 
0.25 L ha-1 
0.37 L ha-1 
1 L 10 L-1 
Overall spray foliage 
 
Basal bark or cut stump 
Commercial industrial 
land; pastures; rights-
of-way 
2,4-D sodium (700 g L-1) 0.275 kg 100 L-1 Spot spray 
Irrigation 
channels/banks; non-
agricultural 
commercial industrial 
land; home gardens; 
pastures; rights-of-way; 
forests 
Glyphosate (360 g L-1) 0.7–1 L 100 L-1 
 
100–150 mL 15 L-1 
1:9 (22 mL dose 0.5 m-1 bush 
height) 
Handgun  
 
Knapsack foliar spray 
Splatter gun foliage 
Commercial industrial Picloram + 2,4-D (75 + 0.65 L 100 L-1 Spot spray foliage 
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land; pastures; rights-
of-way; forests 
300 g L-1) 
Commercial industrial 
land; pastures; rights-
of-way; forests 
Picloram + triclopyr (100 
+ 300 g L-1) 
(120 + 240 g L-1) 
0.25–0.35 L 100 L-1 
2.5 L 100 L-1 
30 mL 15 L-1 
1L 60 L-1 diesel 
Handgun foliage 
Misting foliage 
Knapsack foliage 
Basal bark or cut stump 
Recreation commercial 
industrial land; 
pastures; rights-of-way; 
forests 
Triclopyr (600 g L-1) 0.16–0.32 L 100 L-1 water 
1 L 120 L-1 diesel 
20–50 mL 15 L-1 
50 g L-1  
120 g L-1 diesel 
0.1–0.2 L 5 L-1 water 
0.1 L 0.5 L-1 kerosene 
Overall spray foliage 
Basal bark or cut stump 
Knapsack foliage 
Overall spray foliage 
Basal bark or cut stump 
Knapsack foliage 
Basal bark or cut stump 
Grass pasture Dicamba + MCPA (80 + 
340 g L-1) 
2.8–4 L ha-1 
0.19–0.27 L 100 L-1 
60 mL 15 L-1 
Blanket spray  
Overall spray foliage 
Knapsack foliage 
Pastures; forests; 
rights-of-way 
Clopyralid (300 g L-1) 0.33–0.5 L 100 L-1 Handgun foliage 
Pastures Tebuthiuron (200 g kg-1) 1 g m-2 Hand application 
ASee source for restrictions on use (Anon., 2007). 
 
 
Biological control 
In the 1960s a biological control program was initiated against B. halimifolia. Since then, 35 agents 
have been imported into Australia for testing. Of these agents, 14 were released (Table 2.2) (Julien & 
Griffiths, 1998; Tomley & Willsher, 2002) and seven have established (Chapter 3). Some reasons for 
failed establishment of the introduced agents include unsuitable climate, low release numbers and 
unsuitable microsite conditions. Six insect species (and one pathogen) have established on 
B. halimifolia populations in Australia (Chapter 3). These include three species of Lepidoptera: 
Aristotelia ivae (Busck) (Gelechiidae), Bucculatrix ivella (Busck) (Bucculatricidae) and Hellensia 
balanotes (Meyrick) (Pterophoridae) (Fig. 2.10); two species of Coleoptera: Megacyllene mellyi 
(Chevrolat) (Cerambycidae) and Trirhabda bacharidis (Weber) (Chrysomelidae), and one species of 
Diptera: Rhopalomyia californica (Felt) (Cecidomyiidae) (Fig. 2.11) (Julien & Griffiths, 1998). All of 
the species are native to North America (Palmer & Diatloff, 1987; Diatloff & Palmer, 1988; Palmer & 
Haseler, 1992a, b) except for M. mellyi, which is native to South America (McFadyen, 1983; Boldt & 
Robbins, 1987). Puccinia evadens Hark (Pucciniaceae) (groundsel bush rust) (Fig. 2.12) was released 
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in 1997 and has established over most of the distribution of B. halimifolia in Australia (Tomley & 
Willsher, 2002; Sims-Chilton et al., 2009).  
 
 
Table 2.2. Baccharis halimifolia insects and pathogens released in Australia. 
Biological control agent Order: Family Years Released Established? 
Anacassis phaeopoda (Buzzi) Coleoptera: Chrysomelidae 1976 N  
Aristotelia ivae (Busck) Lepidoptera: Gelechiidae 1969 Y  
Bucculatrix ivella (Busck) Lepidoptera: Bucculatricidae 1989 Y  
Helipodus intricatus (Boheman) 
Hellensia balanotes (Meyrick) 
Coleoptera: Curculionidae 
Lepidoptera: Pterophoridae 
1983 
1969, 1982 
N 
Y
 
Lioplacis elliptica (Stål) Coleoptera: Chrysomelidae 1976 N  
Lorita baccharivora (Pogue) Lepidoptera: Tortricidae 1969, 1986 N  
Megacyllene mellyi (Chevrolat) 
Metallactus nigrofasciatus (Suffrian) 
Metallactus patagonicus (Suffrian) 
Puccinia evadens (Hark)  
Rhopalomyia californica (Felt) 
Stolas fuscata (Klug) 
Trirhabda bacharidis (Weber) 
 
Coleoptera: Cerambycidae 
Coleoptera: Chrysomelidae 
Coleoptera: Chrysomelidae 
Uredinales: Pucciniaceae 
Diptera: Cecidomyiidae 
Coleoptera: Chrysomelidae 
Coleoptera: Chrysomelidae 
 
1978 
1974, 1982 
1969, 1985 
1997 
1969, 1982, 1989 
1976 
1969, 1983 
Y 
N 
N 
Y 
Y 
N 
Y
 
Table adapted from (Julien & Griffiths, 1998; Tomley & Willsher, 2002).  
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Figure 2.10. Stem damage resulting from Hellensia balanotes, a stem-boring moth introduced into 
Australia for the biological control of Baccharis halimifolia. Photo by Niels Hintzen. 
 
 
 
Figure 2.11. Gall on Baccharis halimifolia from Rhopalomyia californica. Photo by Niels Hintzen. 
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Figure 2.12. Biological control agent Puccinia evadens, a pathogen introduced for the control of 
Baccharis halimifolia. Photo by Nikki Sims-Chilton. 
 
 
A survey conducted in the native range (Palmer, 1987) found a wide variety of insect families 
associated with B. halimifolia: Orthoptera (1 species), Hemiptera (9 species), Homoptera (13 species), 
Lepidoptera (9 species), Coleoptera (23 species) and Diptera (6 species). This survey was conducted to 
determine an additional suite of insects to be tested for use as biological control agents in Australia 
(some of which are mentioned above). In the native range, the number of flower heads was reduced 
with high levels of herbivory, indicating that herbivores may be able to lower the reproductive rate of 
this species (Krischik & Denno, 1990a).  
 
Recently, the distribution and levels of damage resulting from the established agents have been 
examined (Chapter 3). A survey was conducted throughout the current known distribution of 
B. halimifolia in south-east Queensland and northern New South Wales. Insect and pathogen damage 
was examined at 34 sites in this range. There was evidence of stem-boring (M. mellyi and H. 
balanotes), leaf holes (T. bacharidis or generalists) and leaf-mining (B. ivella) at all sites. There were 
more stem-boring holes on larger plants, particularly in low density populations. Levels of leaf-mining 
decreased with population density, most likely due to a dilution effect. Sori (P. evadens) and galls (R. 
californica) were patchily distributed throughout the sampling area. However, higher levels of sori 
were associated with areas receiving high annual rainfall.  
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The effect of R. californica was examined soon after its release (1982) at two sites in Queensland. 
Galled plants demonstrated a 93% reduction in the number of seeds produced (McFadyen, 1984). 
Chapter 4 shows that simulated high levels of galling can lead to a decrease in the growth of 
B. halimifolia plants, indirectly reducing fecundity since plant size and fecundity are highly correlated. 
Such variability in the effectiveness of the released agents indicates that the biological control program 
has not been successful throughout the range of B. halimifolia and therefore alternative control 
measures should continue in these areas (Chapter 3).  
 
Non-adapted insects are thought to be deterred by the acetone soluble secondary chemicals in the 
leaves of B. halimifolia (Kraft & Denno, 1982). However, no study has specifically examined 
herbivory on B. halimifolia by any species other than the specialised biological control agents. In 
Chapter 3, I note the presence of generalist herbivores such as grasshoppers (Orthoptera) on 
B. halimifolia, but there is no evidence to indicate direct feeding of such species in Australia. 
 
Summary 
This Chapter has provided the first comprehensive review of groundsel bush as an invasive species. 
The information contained in this review will provide readers the necessary background ecology and 
biology of the groundsel bush, necessary for understanding the surveys, observations and experiments 
described throughout the rest of this thesis.        
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Chapter 3 
Patchy herbivore and pathogen damage throughout the introduced Australian 
range of groundsel bush, Baccharis halimifolia, is influenced by rainfall, elevation, 
temperature, plant density and size.  
 
Nikki M. Sims-Chilton, Myron P. Zalucki and Yvonne M. Buckley,  
Biological Control (2009) 50(1):13-20 
 
Summaries of Chapter 3 can be found on pages 21 and 24. 
Introduction 
 
The success of biological control programs is variable; some have been classified as successful (i.e. the 
impact of the invader has been reduced), e.g. Salvinia molesta (Salviniaceae) (Room et al., 1981), 
others as failures, e.g. a suite of insects introduced for the control of Lantana camara L. (Verbenaceae) 
(Zalucki et al., 2007), but the majority of them have never been quantitatively evaluated (Thomas & 
Reid, 2007). Of those that have been evaluated, many studies have been conducted too early, before 
agents have been given the chance to reach their full potential (McFadyen, 1998). While substantial 
research is concentrated on importing, testing, rearing and releasing agents, surprisingly little time and 
money is invested in evaluation of the establishment and spread of agents and on the scale and impact 
of agent damage.  
 
For a biological control agent to reduce the impact of the invader it must, at a minimum, establish, 
disperse and persist throughout the distribution of the target plant and inflict some level of damage 
(Carson et al., 2008). The agents’ damage must be sufficient to have an impact on the vital rates of 
individual plants (growth, survival and fecundity) and ultimately contribute to population and invader 
impact reduction (Thomas & Reid, 2007; Yokomizo et al., 2009). A number of authors have outlined 
the procedures necessary to evaluate a biological control program (e.g. Wapshere et al., 1989; McClay, 
1995; McEvoy & Coombs, 1999; Blossey & Skinner, 2000). The first step, suggested by McClay 
(1995), is to assess the plant, not the agent, as even the most abundant agent may not be causing 
damage to which the plant is susceptible. This study uses an integrated approach to the first step by 
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assessing the level of damage inflicted by herbivores and pathogens throughout the entire distribution 
of the invasive plant in relation to relevant geographic and biological factors.  
 
The influence of herbivores and pathogens on plants varies between plants and populations through 
host plant choice, herbivore and pathogen performance and subsequent intensity of damage and the 
plant’s associated response (Alonso & Herrera, 1996; Hattendorf et al., 2006; Cornelissen et al., 2008; 
Van Hezewijk et al., 2008). This has implications for evaluating biological control programs as agents 
may only be locally or regionally successful. Some herbivores have the ability to disperse throughout 
the entire range of their host but have very little impact locally, whereas other species, which are able 
to effectively reduce populations locally might be unable to provide regional control (Fagan et al., 
2002). Additionally, some agents may be variably successful according to microhabitat conditions. For 
example, Agasicles hygrophila Selman and Vogt (Coleoptera: Chrysomelidae) was successful at 
controlling alligator weed (Alternanthera philoxeroides Mart.) in aquatic habitats but failed in riparian 
areas in similar localities (Julien & Chan, 1992). There are many other causes of variability in 
herbivore and pathogen damage within and between sites such as; herbivory history, plant genotype 
and phenotype variation, plant phenology, physical characteristics of foliage or plant gender (Alonso & 
Herrera, 1996). Understanding the variability of intensity of herbivore and pathogen damage across the 
entire range of the invader is essential for determining the overall effectiveness of a biological control 
program. 
 
The release of the first agent for the biological control of groundsel bush, Baccharis halimifolia L. 
(Asteraceae) in Australia was in 1969. Since then 14 agents were released and at least seven have 
established over a period of almost 40 years (Table 2.2, p. 44) (Julien & Griffiths, 1998; Tomley & 
Willsher, 2002). Despite claims that some of the agents have been successful (McFadyen, 1981; 
Wapshere et al., 1989; Tomley & Willsher, 2002), no quantitative assessment has been conducted on 
establishment or impacts of the agents released throughout the entire range of the weed. The groundsel 
bush biological control program is one of many that have never been evaluated. It provides a useful 
case-study of potentially variable success as the biological control program began decades ago and the 
plant still exists in large populations. However, anecdotal evidence suggests that population sizes have 
decreased and its range may have contracted. 
 
The aim of this study was to examine the distribution and level of herbivore and pathogen damage on 
groundsel bush plants up to 40 years after the first biological control agent was released. Most damage 
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types could be ascribed to one or more biological control agents. Thirty-four sites (in Queensland and 
New South Wales, Australia) were examined over a 3-year period to determine how widely distributed 
herbivore and pathogen damage has become. I hypothesise that individual plant size, local plant 
density, rainfall, temperature, elevation and variation in plant size at a site would influence the 
observed herbivore and pathogen damage intensity. These variables were considered important in 
understanding a broad relationship between the plants, the agents and climate. This study provides a 
valuable starting point in evaluating the success of the groundsel bush biological control program, 
particularly where few data exist a priori. This is the first study that examines the presence and level of 
herbivore and pathogen damage (assumed to be caused by the biological control agents) across the 
entire range of the invader long after the agents were established. Without these data, success may be 
claimed for an entire biological control program when the relative success of agents may actually vary 
across the distribution of the pest depending on the site conditions, population density and plant size. 
 
Materials and methods 
 
Baccharis halimifolia (Groundsel Bush)  
Groundsel bush is a perennial shrub, introduced to Queensland as an ornamental plant from the United 
States of America, in the late 19th Century (Winders, 1937). It is densely branched with pale yellow 
(male) or white flowers (female) and grows to about 6 m high. The distribution of groundsel bush 
extends coastally from around Kempsey, in northern New South Wales (32º49'34"S, 15º56'24"E) to 
Calliope in Queensland (25º52'2"S, 150º57'52"E) (McFadyen, 1972) and inland as far as Murgon 
(27º48'12"S, 151º52'1"E) (Fig. 2.6 p. 30). It grows vigorously under wet-tropical and sub-tropical 
conditions and received its weed status due to its low nutritional value for cattle (White, 1936) and its 
ability to dominate pastures and native Melaleuca wetlands.  
 
Biological control agents 
The first biological control agents for groundsel bush were released in 1969 (see Table 2.2 p. 45). Since 
then, six insects are documented as established on groundsel bush populations in Australia: three 
species of Lepidoptera, Aristotelia ivae (Busck) (Gelechiidae), Bucculatrix ivella (Busck) 
(Bucculatricidae) and Hellensia balanotes (Meyrick) (Pterophoridae); two species of Coleoptera, 
Megacyllene mellyi (Chevrolat) (Cerambycidae) and Trirhabda bacharidis (Weber) (Chrysomelidae), 
and one species of Diptera, Rhopalomyia californica (Felt) (Cecidomyiidae) (Palmer & Diatloff, 1987; 
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Julien & Griffiths, 1998). All of the species are native to North America (Palmer & Diatloff, 1987; 
Diatloff & Palmer, 1988; Palmer & Haseler, 1992a, b) except for M. mellyi, which is native to South 
America (Boldt, 1987). The North American species are generally found along the eastern seaboard 
from Texas (29°27'3.6"N, 97° 29'38.3994"W) to Massachusetts (42°52'0.12" N, 71°4'0.1194" W) 
throughout the range of groundsel bush (Diatloff & Palmer, 1988; Palmer & Haseler, 1992a, b), with 
the exception of R. californica, which is native to California where it is found on Baccharis pilularis L. 
Asteraceae (McFadyen, 1984). 
Aristotelia ivae is found throughout most of the year but is more abundant in spring and early summer. 
Damage to the plants is by larvae, which leave a characteristic skeletonised appearance to leaves 
(Diatloff & Palmer, 1988).  
Bucculatrix ivella is found throughout most of the year. Larvae mine the leaves and pupation occurs 
within characteristic ribbed cocoons, which remain on the leaves and stems of the plant after adult 
emergence (Palmer & Diatloff, 1987).  
Hellensia balanotes has been reported to have one to two generations per year where adult moths 
emerge over summer throughout most of its range. Larvae feed on leaves, inflorescences and young 
stems before proceeding to more mature stems, creating tunnels (stem-boring) where they pupate and 
emerge through a tunnel opening (Palmer & Haseler, 1992a).  
Megacyllene mellyi is a stem-boring moth which has one to two generations per year (McFadyen, 1983; 
Tomley, 1990). Adults emerge in summer and have a lifespan of approximately 5 weeks. Larvae feed 
on the sapwood of the plants, creating tunnels in which they pupate (Tomley, 1990).  
Trirhabda bacharidis is a univoltine leaf-feeding beetle and larvae are generally found feeding on fresh 
growth. Adults have been recorded as living up to 3 months and generally fly on warmer days 
(McFadyen, 1972).  
Rhopalomyia californica are gall flies that lay their eggs in the growing tips and leaf axils of groundsel 
bush. The larvae burrow into the tip and within 1–2 months, the plant produces a multi-chambered 
round gall with a diameter of approximately 1–3 cm wide gall. After the flies emerge, the galls die 
(referred to as “old galls” in this study) and as a result there is generally some stem dieback 
(McFadyen, 1984).  
Groundsel bush rust (Puccinia evadens Hark) (Pucciniaceae) has been released more recently (1997) 
and is also reported to have established (Tomley, 1990). Puccinia evadens is a macrocyclic autoecious 
rust. Its whole lifecycle occurs on groundsel bush plants and is found throughout most of the year. It 
causes dieback of leaves, and small plants (< 300 mm) have been observed to have died as a result of 
heavy infection (Tomley, 1990).  
 53
 
Most of the aforementioned agents are recorded as having established and dispersed throughout most of 
the Australian distribution of groundsel bush (within a few years of release) (Diatloff & Palmer, 1988; 
Tomley, 1990; Palmer & Haseler, 1992a; Palmer et al., 1993; Tomley & Willsher, 2002), with the 
exception of T. bacharidis and B. ivella. Trirhabda bacharidis was released around south-east 
Queensland and found to be a poor disperser (only a few hundred meters per year) (Palmer & Haseler, 
1992b). No published information was found on the release of B. ivella. Megacyllene mellyi survival 
rates were reported to be higher where groundsel bush existed on shallow saline soils close to the coast 
(Tomley, 1990). Establishment of P. evadens was hindered by drought conditions in 2000 and 2001 
(Tomley & Willsher, 2002). 
 
Prior to the survey in this study, galls found at a number of sites were reared out and it was confirmed 
that they were those from the agent R. californica. Additionally, larvae found mining the leaves were 
reared and identified as B. ivella. It was difficult to distinguish between stem-boring damage that could 
potentially be caused by either M. mellyi or H. balanotes; therefore these data were combined. Orange 
sori found on leaves were that of P. evadens. Leaf skeletonisation and leaf holes could have been 
caused by the biological control agents A. ivae and T. bacharidis, respectively, but it should be noted 
that generalist herbivores (e.g. Orthoptera) observed on plants in the field could have also contributed 
to leaf hole and skeletonisation damage. The presence of an agent at a site was based on visual 
assessment of these damage symptoms but there is less confidence for A. ivae (skeletonisation) and 
T. bacharidis (leaf holes) than the other agent-damage pairs (Table 3.1). 
 
 
 54
Table 3.1. Biological control agents, their characteristic damage types and the way in which damage 
was recorded. 
Biological Control Agent    Damage Damage Recorded 
 
Hellensia balanotes (Meyrick) 
 
Stem-boring 
 
Number of holes per plant 
Megacyllene mellyi (Chevrolat) Stem-boring Number of holes per plant 
Rhopalomyia californica (Felt) Galls Number of galls per plant  
Bucculatrix ivella (Busck) Leaf-mining 0–5 Score* 
Aristotelia ivae (Busck) Leaf skeletonisation 0–5 Score* 
Trirhabda bacharidis (Weber) Leaf holes 0–5 Score* 
Puccinia evadens Sori abundance 0–5 Score* 
*Scores are on a 0–5 scale where a score of 0 was given for no visible damage on any leaves (0%) and 
a score of 5 was given to a plant with > 90% damage to leaves. 
 
 
Study areas 
Surveys for the presence of the biological control agents (inferred from damage symptoms) on 
groundsel bush were conducted from October 2006 to April 2008 at 34 locations (Appendix 3.1) in 
south-east Queensland and northern New South Wales (Fig. 3.1). The sampling was conducted over 
most of the current known range of groundsel bush. The range of groundsel bush was determined by 
contacting weed officers in each shire to determine the presence or absence of the plant. The distance 
between the most northerly and southerly point sampled was approximately 830 km. Two sampling 
periods were conducted at 14 sites in an attempt to cover a range of climatic conditions that may 
influence agent activity and abundance. Not all sites were re-sampled due to problems with 
accessibility or herbicide application (Appendix 3.1). Average yearly rainfall and temperature records 
from 2003 to 2007 were obtained from the closest weather station to each site from SILO (Jeffrey et 
al., 2001), a Bureau of Meteorology website. The average distance from a sampling site to weather 
station was 11.5 km with only seven sites greater than 20 km from the sampling site (Bundaberg: 28.5 
km, Calliope: 27.4 km, Esk: 36.6 km, Grafton: 29.5 km, Kungala: 33 km, Wondai: 20 km and Woocoo: 
43.7 km). Elevation of sampling sites was determined using Google EarthTM (v4.3).  
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Figure 3.1. Map showing the distribution of biological control agent damage sampling sites across the 
range of groundsel bush (Baccharis halimifolia) within Australia (O). The known distribution of 
groundsel bush is very similar to the sampled area. No rust found at a site (Δ), no galls (old or new) 
found at a site (●), no leaf skeletonisation found at a site (). All other damages (leaf holes, stem-
boring, and leaf-mining) were found at all sites sampled. Damage was estimated visually on 940 plants 
across this range. 
 
 
Sampling 
At each site, plant size and population density were measured. Plant size was calculated as an 
ellipsoidal volume using the plant’s maximum height, width at the widest point and the width 
perpendicular to the previous measurement. Ellipsoidal volume = 4/ 3π  a  b  c, where a = height/2, 
b = width/2, c = perpendicular width/2. Ellipsoidal volume is highly correlated with groundsel bush 
growth and fecundity (Sims-Chilton unpublished data, see also Fig. 2.8) making it an appropriate 
measure of size for impact assessment. Density was calculated as the average number of plants (of all 
life stages) from five randomly allocated 10 m  10 m quadrats at each site. 
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The effect of the biological control agents was recorded by qualitatively assessing levels of damage on 
sampled plants at each location. I conducted all observational measures over all time periods and sites 
to keep damage assessments consistent. Damage was recorded rather than insect presence due to the 
difficulty in locating some insects in the short time frames of individual survey site visits (Schooler & 
McEvoy, 2006). Exhaustive sampling of groundsel bush plants for biological control agent abundance 
by vacuuming plants was found to be ineffective as not many insects (biological control agents or 
others) were caught and the procedure was discontinued after the first survey. Counts of insects are 
often difficult due to their behavior and phenology, which may result in underestimates or false 
absences. Damage may give a better indication as to the agents’ impact as damage is cumulative and 
some studies have found that herbivory is a reliable indicator of insect presence and abundance (e.g. 
Bjørnstad et al., 2002; Schooler & McEvoy, 2006). Each type of damage recorded on groundsel bush 
was characteristic of one or two of the agents (Table 3.1); however, as noted above, leaf skeletonisation 
and leaf holes cannot always be ascribed to the biological control agents as these damage types are also 
characteristic of some generalist herbivores.  
 
During the first survey, 10 plants were randomly selected at each site and examined for characteristic 
biological control agent damage types (Table 3.1). In the second survey, five 10 m  10 m quadrats 
with a maximum of five randomly selected plants per quadrat were observed. The change of sampling 
technique was to ensure enough plants were sampled to determine presence/absence. During each 
survey period, stem-boring damage (number of holes/plant), galls (number of galls/plant) and leaf 
damage scores were recorded. Stem-boring holes and galls were counted on a whole plant basis. Galls 
were categorized as old and new, where old galls were brown and R. californica adults had clearly 
emerged and new galls were green and larvae were completing their life cycle within the gall. Leaf 
damage was recorded at an individual plant level on a 0–5 scale: 0 = 0% damage, 1 < 20% damage, 2 < 
40%, 3 < 60%, 4 < 90% and 5 > 90%. Four branches on each plant were randomly selected and scored 
for leaf damage. An average was then calculated for each plant. Where a plant had less than four 
branches, all of the plant was assessed. Types of leaf damage recorded were leaf-mining, leaf holes, 
leaf skeletonisation and abundance of sori (Table 3.1).  
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Statistical analyses 
Linear models were used to conduct all data analyses. All of the response variables were modelled at a 
site level, i.e. each response was averaged at a site over multiple time periods (if applicable) to account 
for the variation between years. Plant size (m3), plant density (plants/10 m2) and variation in plant size 
(m3) were modelled as a function of average yearly temperature (ºC), average yearly rainfall (mm) and 
elevation of sampling site (m) and their two-way interactions. As a response variable, plant density was 
square root transformed in order to satisfy the assumptions of linear models. Plant size and variation in 
plant size were log transformed in all analyses (as both response and explanatory variables). 
 
Each of the damage types (leaf-mining, skeletonisation, holes, sori, stem-boring and galls) per site was 
modelled as a function of plant size (m3), plant density (plants/10 m2), elevation (m), rainfall (mm), 
temperature (ºC) and variability in plant size at a site (m3) and their two-way interactions. The main 
assumptions of linear models were assessed and all of the agent damage response variables were log 
transformed. One was added to each of the damage response variables to overcome the problem of 
logging zero values.  
 
In all cases, the minimal adequate model was obtained by deleting explanatory variables (interactions 
and then main effects) one at a time. The smaller model was then compared with the full model using 
an F-test. This process was repeated until the minimal adequate model was found. The statistical 
program R 2.7.2 (R Core Development Team,  2008) was used for all analyses.  
 
 
Results 
 
The average density of groundsel bush populations varied across sites ranging from approximately 1 to 
41 plants per 10 m2. Over 200 individual plants were measured and they varied greatly in size: the 
smallest plant sampled was 12 cm in height (0.0001 m3) and the largest was 483 cm in height 
(48.9 m3). The variance in plant sizes (volumes) at each site ranged from 0.076 to 98.71 m3. There was 
a strong negative correlation between rainfall and elevation (r = –0.57, df = 32, P < 0.00044). Plant 
density at each site increased with temperature, particularly at low (< 41 m) elevations (interaction: 
F1,30 = 4.2, P < 0.05). The best fit model is given by: Predicted sqrt(population size) = –5.42 + 
(elevation  0.096) + (temperature  0.42) + (elevation  temperature  –0.005). Average plant size 
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decreased with increasing rainfall (F1,32 = 6.8, R2 = 0.15, P < 0.014). The variability in plant size at a 
site was not influenced by temperature, rainfall or elevation (F2,31 = 2.38, P < 0.11). 
 
Leaf-mining, stem-boring and leaf holes were found at all sites surveyed (Fig. 3.1). Galls sori and leaf 
skeletonisation were found at approximately 85% of sites (Fig. 3.1). Most sites had less than 20% of 
groundsel bush leaf area damaged per plant. The average level of damage found at each site can be 
found in table 3.2. 
 
Table 3.2. Average levels of each damage type per survey site sampled. 
Site 
Old Galls 
(count per plant) 
New Galls 
(count per plant) 
Rust 
(out of 5) 
Leaf 
Holes 
(out of 
5) 
Leaf-
mining 
(out of 5) 
Leaf 
Skeletonisation 
(out of 5) 
Ballina 1.0 1.0 0.2 0.5 2.1 0.3 
Bellingen 1.9 1.9 0.8 0.7 0.6 0.1 
Biggenden 2.2 0.1 0.0 0.4 0.9 0.1 
Bundaberg 16.6 2.2 1.6 0.7 1.9 0.4 
Calliope 0.0 0.0 0.0 0.6 0.8 0.0 
Carbrook 15.0 7.4 0.6 0.4 2.0 1.2 
Carina 5.9 2.8 1.5 0.9 1.6 1.2 
Esk 0.0 0.0 0.0 0.6 1.0 0.1 
Gayndah 0.0 0.0 0.0 0.5 1.0 0.5 
Grafton1 3.0 1.0 1.8 1.0 2.1 0.3 
Grafton2 8.1 2.3 1.8 0.5 1.2 0.1 
Gympie 2.1 0.0 1.4 0.9 0.7 0.1 
Hervey Bay 12.9 0.7 0.9 0.5 1.0 0.1 
Kempsey 6.7 4.9 0.9 0.7 1.7 0.2 
Kilkivan 16.6 3.1 0.7 0.7 2.1 0.0 
Kingaroy 5.6 3.9 0.9 1.0 1.3 0.0 
Kingston 0.1 0.0 0.6 1.2 2.6 0.5 
Landsborough 0.1 0.6 0.3 1.5 1.8 0.8 
Macksville 12.7 1.9 0.8 1.0 1.5 0.9 
Maroochy 0.2 1.5 0.2 0.9 1.0 0.6 
Maryborough 0.1 0.0 0.9 1.1 1.8 0.0 
Mt Perry 0.0 0.0 0.3 0.8 2.5 0.5 
Mullimbimbi 0.4 0.0 1.9 0.8 1.7 0.5 
Murgon 3.5 6.5 0.0 0.9 1.8 0.0 
Nanango 0.2 0.0 0.7 1.6 0.8 0.1 
Narangba 1.0 0.1 0.1 1.0 1.3 0.1 
Noosa 2.9 3.2 2.1 1.0 2.4 0.9 
Pimpama 0.1 0.0 0.5 1.1 1.7 1.2 
Rosedale 0.0 0.0 2.0 0.5 1.4 0.1 
Springfield 2.5 1.1 0.6 0.3 1.3 0.9 
Tweed 1.7 0.8 1.6 0.3 1.1 0.1 
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Wondai 0.5 0.4 0.1 0.9 1.0 0.0 
Woocoo 0.6 0.6 1.0 0.9 1.1 0.0 
Woongoolba 1.7 1.2 0.9 0.6 1.0 1.0 
 
 
Average plant size, plant density, rainfall, elevation, temperature and variation in plant size at a site 
were found to affect damage types in a variety of ways. 
 
Sori (rust) 
There were more sori on larger plants, particularly at high levels of rainfall (interaction: F1,30 = 6.19, P 
< 0.019). At low rainfall a strong pattern was not evident (Fig. 3.2). 
 
 
 
Figure 3.2. Effect of plant size on sori at low (O) and high levels (●) of rainfall. For a visual effect low 
and high rainfall has been split at the median value (975 mm). The best fit model is given by: Predicted 
log(sori+1) = 0.24 + (log(plant size)  –0.49) + (rainfall  0.0003) + (log(plant size)  rain  0.0005). 
For a visual effect, lines indicate predicted values from the simplest model where rainfall is set to its 1st 
(750 mm) and 3rd (1221 mm) quartile values. 
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Leaf skeletonisation 
The amount of leaf skeletonisation was lower at high elevations (F1,32 = 7.37, R2 = 0.2, P < 0.011) (Fig. 
3.3). 
 
 
Figure 3.3. Effect of site elevation (m) on average leaf skeletonisation score (R2 = 0.2).  
The best fit model is given by:  
Predicted log(leaf skeletonisation score+1) = 0.36 + (elevation  –0.009) 
 
Leaf-mining 
There was a significant negative relationship between the amount of mining and plant density (F1,32 = 
5.4, P < 0.03) (Fig. 3.4).  
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Figure 3.4. Effect of population size (plants per 10 m2) on average leaf-mining score (log + 1) R2=0.12. 
The final best fit model is given by:  
Predicted log(average leaf-mining score + 1) = 0.98 + (population density  -0.008) 
 
 
Leaf holes 
The amount of leaf hole damage significantly increased with increasing plant size, particularly at high 
rainfall (interaction: F1,27 = 12.94, P < 0.0013). There was a significant interaction between variation in 
plant size and rainfall (F1,27 = 9.78, P < 0.004). With little variation in plant size, leaf hole damage 
increased with increasing rainfall. In contrast, leaf hole damage decreased with high variation in plant 
size as rainfall increased. Large plants and a large variation in plant size caused an increase in leaf 
holes (plant size:variation in plant size interaction:F1,27 = 8.08, P < 0.0084). However, overall the level 
of leaf hole damage was quite low (µ = 0.79, σ = 0.3).  
 
 
 
 62
The final best fit model is given by:  
Predicted log(holes+1) = 0.35 + log(plant size)  –0.83 + log(variation in plant size)  0.31 + rainfall  
0.0002 + log(plant size)  log (variation in plant size)  0.04 + log(plant size)  rainfall  0.0008 + 
log(variation in plant size)  rainfall  –0.0003. 
 
Stem-boring 
Several interacting factors affected the number of stem-boring holes (Fig. 3.5), including the average 
number of stem-boring holes decreased in high density populations, particularly at higher average 
temperatures (F1,24 = 10.48, P < 0.004) (Fig. 3.5). The final best fit model is given in Figure 3.5.  
The average number of stem-boring holes increased with plant size, particularly at low population 
densities (interaction: F1,24 = 13.43, P < 0.002) and low rainfall (interaction: F1,24 = 4.76, P < 0.04).  
 
 
Figure 3.5 Effect of population density on the average number of stem-boring holes at high (●) and 
low (O) temperatures. For visual effect, high and low temperatures have been split by the median 
temperature (20.5ºC) and lines indicate predicted values from the simplest model where temperature is 
set to its 1st (20ºC) and 3rd (21ºC) quartile values. 
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The final best fit model is given by: 
Predicted log(stem-boring holes +1) = –5.02 + (log(plant size)  1.29) + (log(variation in plant size)  
–0.13) + (rainfall  0.0002) + (plant density  0.48) + (temperature  0.34) + (log(plant size)  rainfall 
 -0.0005) + (log(plant size)  plant density  –0.04) + (log(variation in plant size)  plant density  
0.02) + (plant density  temperature  -0.03). 
 
 
Galls 
There was no significant effect of any of the explanatory variables (plant size, density, temperature, 
elevation, rainfall or variation in plant size) on the number of old (F1,32 = 1.91, P < 0.18) or new galls 
(F5,28 = 1.42, P < 0.25).  
 
 
Discussion 
 
This study has shown how the variability in biological control agent damage type and intensity is 
influenced by site-level biological and geographical factors throughout the entire range of an invasive 
plant. It has been over 10 years since the last agent was released for groundsel bush and almost 40 
years since the first agent was released and established. Consequently, it is assumed that the agents 
have had a substantial amount of time to cycle through numerous generations at a site, disperse and 
have an impact across the plants’ range. While this study showed that the distribution and intensity of 
agent damage was variable across the sampled sites, most of the agents have in fact spread throughout 
most of groundsel bush’s known distribution in Australia. A number of factors were found to affect 
herbivore and pathogen damage intensity: site elevation, average temperature and rainfall, host plant 
density, size and variability in size.  
 
Limitations 
While some damage types could be ascribed to one or two individual biological control agents with 
confidence (galling, stem-boring, sori abundance, leaf-mining), leaf holes and leaf skeletonisation (i.e. 
characteristic of two biological control agents), could have also been caused by generalist herbivores. 
Timing of observations is critical for ascribing presence and absence of agents as some years or seasons 
are more suitable for the agents. An attempt to overcome this problem was made by sampling each site 
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in two different years and/or seasons; however, this was not always possible. Absences of biological 
control agents cannot conclusively be ‘true’ absences due to the nature of the sampling. Although the 
method for observing leaf damage was qualitative, it gives a measure of relative damage between 
plants and sites within and between years. Adults of the two stem-borers, M. mellyi and H. balanotes, 
were observed but their individual distributions were not defined because the damage they caused is 
difficult to apportion reliably. There are many other factors limiting the distribution and effectiveness 
of agents that were not tested in this study. Averaging damage at a site does not account for within-site 
variables such as micro-site conditions (Julien & Chan, 1992) or individual plant variation. 
Competition between agents has rarely been shown (Cullen & Snowball, 1979) but it is possible. 
Several studies have also suggested that generalist predators affect biological control agent abundance 
(e.g. Denoth & Myers, 2005) but were not recorded in this study.  
 
Elevation, temperature and rainfall 
Plant distribution can be affected by climatic conditions and altitudinal gradient (elevation) 
(Woodward, 1987). In this study, it was expected that sites that received higher rainfall would have 
larger groundsel bush plants (Winders, 1937). However, this was not the case. Large amounts of rain 
may encourage high levels of germination and recruitment, therefore average plant size at a site may be 
smaller. The density of groundsel bush was higher at high temperatures and low elevation. Low 
elevation is generally associated with high rainfall and coastal areas. Groundsel bush is known to grow 
vigorously under wet-tropical and sub-tropical conditions and is highly tolerant to saline conditions 
(McFadyen, 1972), therefore it might be expected that higher population densities occur in coastal 
areas. Potential patterns in plant size or density may also be obscured because control efforts 
(mechanical and chemical) against groundsel bush are more intense in high rainfall areas of valuable 
agricultural land and urban situations. Groundsel bush is still under chemical and mechanical control 
by local councils, which may influence population and plant sizes. Sites that were subject to control 
sometime before being sampled were more likely to consist of fewer, smaller plants, whereas sites that 
have not been under control were expected to have a wider variation in plant size.  
 
If plant distribution is affected by altitudinal gradient, temperature and rainfall, it would be expected 
that these factors may also determine the distribution of the biological control agents on those plants. 
Rust was more abundant on large plants particularly in high rainfall regions. Many studies have shown 
that rusts are more severe in seasons with warm temperatures and abundant moisture (e.g. Tessmann et 
al., 2001; Kleinjan et al., 2004; Del Ponte et al., 2006). Initial establishment of P. evadens was 
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recorded coastally and was reported to be unsuccessful inland due to prolonged drought conditions 
during 2000–2001 (Tomley & Willsher, 2002). The data demonstrated a strong negative influence of 
elevation on rainfall. Lower rainfall levels may result in slow-growing plants of a low nutritional value 
to herbivores. Many studies have shown that herbivores preferentially feed and oviposit on more 
vigorously growing plants (Price, 1991). This may explain the decreasing amount of leaf 
skeletonisation at higher elevations. Theory predicts that a positive relationship exists between 
oviposition preference and offspring performance (Thompson & Pellmyr, 1991) and therefore the leaf 
skeletonisers are more likely to oviposit on high quality leaf material where their offspring are likely to 
perform better. It has been well over 10 years since the rust and leaf skeletoniser (released in 1997 and 
1969 respectively) were released so time for dispersal to inland areas is unlikely to be limiting.  
 
Plant density 
The density of plants in a patch can influence individual plant quality and/or size. Plants in larger 
patches, particularly with many large plants, may be subject to higher levels of competition and 
therefore be less nutritious to insect herbivores (e.g. Center et al., 2005) subsequently directly affecting 
the survival, growth and dispersal of herbivores (Bach, 1988). Leaf-mining by B. ivella larvae 
decreased in denser populations. The level of stem-boring also decreased with plant density in both 
small and large plants, small and large variation between plants and low and high temperatures. These 
patterns may also be the result of a dilution effect, whereby there are more plants for the insects to 
choose from in more dense patches.  
 
Plant size and variability in plant size at a site 
Variation in herbivore load and damage intensity among individual plants is generally linked to adult 
oviposition preference and behaviour (Rausher, 1983). Oviposition preference varies among insect 
species and their phenological requirements. The number of stem-boring holes per plant was larger in 
large plants with slight influences of rainfall and population density. This is most likely due to host 
plant availability and ability of larvae to tunnel in stems (e.g. Losey et al., 2002). Smaller populations 
and lower rainfall showed a stronger influence of plant size on the number of stem-boring holes. Fewer 
resources, i.e. less stems would be available in smaller populations; therefore it would be expected that 
the number of stem-boring holes per plant is higher. Low rainfall may also mean larger plants as 
recruitment of small plants may be low due to lack of rainfall. As such, larger plants with larger stems 
may be prominent or more apparent, leading to a larger herbivore load (Floater & Zalucki, 2000).  
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The level of leaf hole damage increased with high rainfall, particularly for large plants, which do not 
vary much in size. This could be due to an increase in nutritional value of plants that receive high 
rainfall or a decrease in the toughness of leaves receiving high rainfall. It would be expected that plants 
that receive a high amount of rainfall will produce more new and vigorous growth, often preferred by 
leaf feeding insects (e.g. Bluthgen & Metzner, 2007; Cornelissen et al., 2008). On the other hand, 
drought stressed plants often produce high levels of phenolic compounds, which further discourage 
herbivores (e.g. Delitala et al., 1986). When there is large variation in plant size, the amount of leaf 
holes decreases with increasing rainfall. Large variation in plant size means that populations are 
comprised of both small and large plants. Leaf holes may decrease with this large variation as 
herbivores preferentially choose large plants. Large plants provide more resources, and as such, are 
more likely to be oviposited on by a searching female. This may therefore result in higher damage 
levels by herbivores. Leaf holes on groundsel bush, however, are more likely to be the result of 
generalist herbivores. Initial surveys of T. bacharidis indicate that it was a poor disperser and only two 
observations of adult insects were seen during the survey (pers. obs.).  
 
Conclusions 
If the agents are not extensively distributed or effective at all sites, the results of limited experimental 
evaluation at one or a few sites may not be applicable to the whole system. Patchy effectiveness of 
released agents has been seen in L. camara in Australia (Wapshere et al., 1989). In a more recent study, 
Edwards et al. (2009) has shown a strong spatial and temporal variation in the effectiveness of the seed 
predator Mesoclanis polana Munro (Tephritidae) on bitou bush (Chrysanthemoides monilifera subsp. 
rotundata) in its introduced range in Australia. However, many biological control programs only 
monitor a limited number of sites (generally the release sites) for agent effectiveness rather than 
throughout the whole distribution of the invader (Wapshere et al., 1989). In addition to this, most 
biological control agents take a considerable amount of time to disperse and reach substantial levels 
that reduce the size and fecundity of individual plants, and subsequently, populations (Clark & Clark, 
1952). In such cases, little effect is observed in the initial years after agent release, i.e. there has been 
no substantial impact on the target plant. Alternatively, a large impact may occur initially due to mass 
numbers of agents released. As a result, the target invader must be observed over a much longer period 
to record any long-tem effects of agents. In recent years, it is becoming more common for research 
scientists to be employed on short contractual arrangements, and therefore, funding and research time is 
only available in the initial years after the release of biological control agents (Blossey & Skinner, 
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2000). Long-term assessment of biological control programs is even less likely than it was before 
(Carson et al., 2008). 
 
Damage caused by biological control agents introduced against groundsel bush appears to exist 
throughout most of its distribution; however damage distribution and intensity are patchy. It may be 
incorrect to assume that damage will lead to successful control of groundsel bush because the impact of 
the agents on the population dynamics of the plant has not yet been quantified (Hoffmann, 1990). 
Further experimental studies need to be conducted to assess the impact of the agents on the population 
dynamics of this pest. For example, exclusion studies can determine the effect of the herbivore or 
pathogen on vital rates such as growth, survival and fecundity (McEvoy et al., 1991; Dhileepan, 2004). 
From exclusion studies, population models can be developed to determine the impact of the agents on 
the population dynamics of the target weed (Schutzenhofer & Knight, 2007).  
 
This study provides the baseline data necessary for evaluating the biological control program by 
determining which herbivores and pathogens are active and what may influence their level of damage, 
and subsequently, impact. This study provides a good understanding of the distribution and impact of 
the agents on a large spatial scale and can therefore tailor future experiments to incorporate these data. 
Further experimental studies are conducted in Chapter 4 to assess the impact of the agents on the plant 
vital rates, and subsequently, the impact on populations. Continued investment in biological control of 
invasive plants will only continue if there is evidence that it is effective, and subsequently, consistent 
and sound methods need to be developed to measure these benefits (Blossey & Skinner, 2000; Syrett et 
al., 2000; Carson et al., 2008). Carson et al. (2008), suggest four types of landscape scale follow-up 
studies after the release of a biological control agent; (1) the abundance of the biological control agent, 
(2) the impact of the biological control agent on the target plant species (3) the potential for non-target 
effects and (4) the response of the native community to a reduction in the weed. This chapter addressed 
the first step suggested by Carson et al., i.e. surveying the distribution and abundance of the agents, and 
Chapter 4 implements the second step by examining the impact of the agents on groundsel bush.         
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Appendix 3.1. Sites sampled in QLD and NSW between 2006 and 2008. Reasons for a second 
sampling not being conducted are outlined. 
Site Location  Sample date (# plants sampled) 
 
Ballina 
Bellingen 
Biggenden 
Bundaberg 
Calliope 
Carbrook 
Carina 
Esk 
Gayndah 
Grafton 
Gympie 
Hervey Bay 
Kempsey 
Kilkivan 
Kingaroy 
Kingston  
Kungala 
Landsborough 
Macksville 
Maroochydore 
Maryborough 
Mount Perry 
Mullumbimby 
Murgon 
 
 
29° 8' 2"S  153° 30' 9"E 
 31° 31' 34"S  153° 0' 15"E 
 26° 29' 22"S  152° 7' 8"E 
 25° 16' 24"S  152° 17' 9"E 
 25° 52' 2"S  150° 57' 52"E 
 28° 18' 36"S  153° 15' 36"E 
 28° 31' 12" S  153° 6' 36"E 
 28° 30' 53"S  152° 39' 37"E 
 26° 22' 51"S  151° 34' 60"E 
 31° 58' 29"S  152° 59' 43"E 
 27° 45' 59"S  152° 42' 11"E 
 26° 39' 39"S  152° 49' 40"E 
 32° 49' 34"S  152° 56' 24"E 
 27° 46' 30"S  151° 15' 58"E 
 27° 23' 12"S  151° 54' 41"E 
 28° 20' 24"S  153° 5' 24"E 
 30° 1' 40"S  152° 59' 32"E 
 27° 7' 51"S  152° 58' 47"E 
 31° 16' 45"S  152° 54' 39"E 
 27° 21' 46"S  152° 56' 30"E 
 26° 29' 39"S  152° 39' 48"E 
 26° 49' 29"S  151° 36' 51"E 
 29° 27' 7"S  153° 31' 27"E 
 27° 48' 12"S  151° 52' 1"E 
 
March 2008 (8) New site 
Feb 2007 (10) & Mar 2008 (25) 
Oct 2006 (10) Inaccessible 
Oct 2006 (10) & Apr 2008 (10) 
Oct 2006 (10) Private property re-sampling not permitted 
Mar 2006 (80) & Mar 2007 (66) 
Mar 2006 (69) & Mar 2007 (37) 
Oct 2006 (10) Private property re-sampling not permitted 
Oct 2006 (2) Sample size too small 
Feb 2007 (10) Burned 
Oct 2006 (10) Private property re-sampling not permitted 
Oct 2006 (10) & Apr 2008 (10) 
Feb 2007 (10) & Mar 2008 (19) 
Oct 2006 (10) & Apr 2008 (20) 
Oct 2006 (10) & Apr 2008 (16) Burned 
Mar 2006 (27) Burned 
Feb 2007 (10) & Mar 2008 (23) 
Dec 2006 (10) Inaccessible 
Feb 2007 (10) Construction site 
Dec 2006 (10) Inaccessible 
Oct 2006 (10) Plants were removed 
Oct 2006 (4) Sample size too small 
Feb 2007 (10) Inaccessible – under water 
Oct 2006 (10) & Apr 2008 (19) 
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Nanango  
Narangba 
Noosa 
Pimpama 
Rosedale 
Springfield 
Tweed 
Wondai 
Woocoo 
Woongoolba 
 
 
 27° 19' 51"S  152° 0' 10"E 
 28° 47' 24"S  152° 58' 48"E 
 27° 35' 2"S  153° 5' 34"E 
 28° 11' 24"S  153° 20' 24"E 
 25° 19' 27"S  151° 53' 15"E 
 28° 19' 12"S  152° 54' 0"E 
 29° 48' 48"S  153° 30' 14"E 
 27° 47' 7"S  151° 43' 14"E 
 26° 26' 14"S  152° 35' 2"E 
 28° 14' 24"S  153° 20' 24"E 
 
Oct 2006 (10) Inaccessible – under water 
Dec 2006 (10) Construction site  
Dec 2006 (10) Inaccessible 
Mar 2006 (40) Construction site 
Oct 2006 (10) & Apr 2008 (8) 
Mar 2006 (40) & Mar 2007 (34) 
Feb 2007 (10) & Mar 2008 (20) 
Oct 2006 (10) Inaccessible 
Oct 2006 (10) Inaccessible  
Mar 2006 (40) & Mar 2007 (37) Herbicide application 
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Chapter 4 
 
Long-term efficacy of biological control agents for an invasive shrub: linking 
damage effects on individual plant vital rates to population dynamic consequences  
 
Nikki M. Sims-Chilton, Satu Ramula, Myron P. Zalucki, Adele M. Reid and Yvonne M. Buckley 
In preparation for submission 
 
A summary of Chapter 4 can be found on pages 21-22 and 24. 
 
Introduction 
 
Invasive plants pose a significant problem worldwide: they threaten biodiversity, agriculture and 
ecosystem function, and their impact is estimated to cost millions of dollars per annum (Mack et al., 
2000; Pimentel, 2000; Sinden et al., 2004). Long-term control of established populations of invaders 
with large environmental or economic impacts can be prohibitively expensive and/or ineffective (e.g. 
the development of herbicide resistance (e.g. Cui et al., 2008)). Biological control is often recognised 
as a long–term, cost–effective strategy for reducing the impact of invaders (McFadyen, 1998; Fowler et 
al., 2000); however, little has been done to evaluate the effectiveness of biological control on invader 
population dynamics over such time periods (McEvoy & Coombs, 1999; Thomas & Reid, 2007; 
Carson et al., 2008; Morin et al., 2009).  
 
Most effort in biological control programs is concentrated on importing, testing and releasing the 
agents with little evaluation of the effects of the agent beyond its establishment (McClay, 1995; 
McEvoy & Coombs, 1999) and subsequently, there is little mechanistic evidence of the impact of 
biological control programs (McEvoy & Coombs, 1999). With increasing concerns for the safety of 
biological control agent introductions (Louda et al., 2003) and the significant cost to import, test and 
release each agent (ca $AUS 460 000) (McFadyen, 1998), evaluation is arguably one of the most 
important steps in the biological control process. Evaluation of agent impacts beyond establishment 
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assists in increasing biological control success rates as well as helping to improve the efficacy and 
safety of future programs (McFadyen, 1998; McEvoy & Coombs, 1999; Blossey & Skinner, 2000). 
 
Phenomenological evidence of biological control agent efficacy can be demonstrated where agent 
introduction and abundance is correlated with, sometimes dramatic, population declines of the invader 
(e.g. Room et al., 1981). However, identifying the mechanisms of population decline in the invader is 
important for understanding the long-term population dynamics and potential durability and stability of 
biological control (Buckley et al., 2005b). It is not certain that biological control systems, even if 
initially effective, will persist over decadal time-scales due to intrinsic fluctuations in the agent–target 
interaction (Buckley et al., 2005b), evolution, (Rose et al., 2005; Metcalf et al., 2008) or other long–
term changes in the biotic and abiotic environment of the biological control system. Detailed 
demographic data demonstrating strong population level suppression of invasive species by biological 
control agents are limited (but see Shea & Kelly, 1998; Buckley et al., 2005b; De Clerck-Floate & 
Wikeem, 2009). Estimates of how commonly biological control agents limit the population size of their 
targets vary widely and are often based on qualitative accounts rather than hard data (Hierro et al., 
2005). A systematic approach is therefore required to evaluate biological control programs by 
quantifying effects of agents on target vital rates (i.e. survival, growth, fecundity), and subsequently, 
demography (Carson et al., 2008). 
 
Plants respond to herbivory in a variety of ways including increasing and decreasing in size. In a 
review conducted by Bigger and Marvier (1998), 24% of studies examining the effect of natural 
herbivory on plants demonstrated a reduction in plant size (e.g. Guretzky & Louda, 1997), whereas 
only 4% showed a significant increase in plant size (e.g. Utsumi & Ohgushi, 2007). The remaining 
72% of studies found no effect of herbivory. A number of methods have been used to determine the 
impact of herbivores on plants, such as: correlations between herbivore damage and plant vital rates 
(e.g. Buckley et al., 2003a; Paynter, 2006; Evans & Landis, 2007), simulated herbivory (e.g. Rebek & 
O'Neil, 2005; Raghu et al., 2006a), presence-absence surveys (e.g. Hoffmann & Moran, 1989), and 
exclusion studies, such as mechanical herbivore exclusion (Dhileepan et al., 2000) and chemical 
herbivore exclusion (e.g. Waloff & Richards, 1977; McEvoy et al., 1991; Woodburn, 1997; De Walt et 
al., 2004; Dhileepan, 2004). Each of these methods gives an indication as to the impact of the agents on 
plant vital rates, but the methods need to be extended to examine the impact on population growth rates 
(see McEvoy & Coombs, 1999; Buckley et al., 2003b; Rose et al., 2005; Miller et al., 2009). As noted 
by Crawley (1989), “It is one thing to show that herbivorous insects affect plant performance. It is an 
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entirely different matter to demonstrate that insect herbivory affects plant population dynamics”. 
Consequently, it cannot be assumed that all biological control agents, although established, have 
negative impacts on the vital rates or population dynamics of the target species; these assumptions must 
be mechanistically tested. A combination of correlational, natural enemy exclusion, and/or herbivory 
simulation studies with detailed demographic modelling provides a clearer understanding of the impact 
of the biological control agents on the target plant (Schutzenhofer & Knight, 2007).  
 
Here, I examined the impact of the biological control agents, released for the control of groundsel bush 
(Baccharis halimifolia L. Asteraceae) between 1969 and 1997 in Australia. Seven of the agents are 
known to have established throughout the exotic range of groundsel bush in eastern Australia (Chapter 
3). In this chapter, I test whether the seven established agents reduce the vital rates of individual plants, 
and subsequently, population growth rate. I used statistical models of agent impact on individual plant 
vital rates in natural populations across multiple field sites to investigate plant-level effects of agents on 
the invader. I then used the statistical models to simulate zero (enemy-release) and high levels of 
damage for each agent to determine the impacts of individual agents. To test the mechanistic basis of 
these correlations I conducted controlled insect exclusion experiments in the same sites. Finally, to 
assess the population dynamic implications of observed changes in vital rates, I used matrix population 
models to quantify the effects of biological control agents on population growth rate, λ, with both 
observed field data and simulations of agent damage. 
 
If the biological control program has been successful in re-instating natural-enemy suppression of 
invader populations in the exotic range, one would expect an increase in vital rates and population 
growth rate when biological control agents are excluded and/or damage set to zero in the models. 
Conversely, with high levels of damage, I would expect a decrease in vital rates and population growth 
rate. This is the first study, to my knowledge, where the efficacy of multiple biological control agents 
are comprehensively evaluated using a combination of statistical models of the effect of observed field 
damage on plant vital rates, insect exclusion experiments, and population models.  
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Materials and Methods 
 
Study species  
Baccharis halimifolia (Asteraceae L.) is a perennial shrub that grows to approximately 6 m. It is native 
to the United States of America and was introduced to Australia in the late 1800s as an ornamental. 
Naturalised populations have established along the coasts of south-east Queensland and northern New 
South Wales. In 1951, it was officially declared noxious due to its prolific ability to invade pastures 
and native Melaleuca wetlands (McFadyen 1973). Chemical and mechanical means were initially used 
to control this species, but were costly and often proved ineffectual due to the large extent of the 
invasion. Consequently in 1963, a biological control program was begun; 35 agents were imported and 
tested, 14 were released and seven have established, and most of them have spread and persisted 
throughout the range of groundsel bush (Chapter 3, Sims-Chilton et al., 2009) (Table 4.1).  
 
 
Table 4.1. Biological control agents released and established for the control of groundsel bush and their 
characteristic damage types that were scored in this study. 
 
Biological control agent Order:Family Year 
first  
released 
Damage type 
Hellensia balanotes (Meyrick) Lepidoptera: 
Pterophoridae 
1969 Stem-boring holes 
Rhopalomyia californica (Felt) Diptera: 
Cecidomyiidae 
1969 Galls  
Old: larvae have emerged 
New: contain feeding 
larvae 
Aristotelia ivae (Busck) Lepidoptera: 
Gelechiidae 
1969 Leaf skeletonisation 
Trirhabda bacharidis (Weber) Coleoptera: 
Chrysomelidae 
1969 Leaf holes 
Megacyllene mellyi (Chevrolat) Coleoptera: 1978 Stem-boring holes 
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Study areas 
Three sites in south-east Queensland, Australia, were chosen as permanent study areas between 2006 
and 2008: Carina (28º31'12"S, 153º6'36"E), Carbrook (28º18'36"S, 153º15'36"E) and Springfield 
(28º19'12"S, 152º54'0"E). In the first and second years (2006–2007), three additional sites (Kingston 
28º20'24"S, 153º5'54"E, Woongoolba 28º14'24"S, 153º20'24"E and Pimpama 28º11'24"S, 
153º20'24"E) were measured; however, they were subsequently destroyed. The Kingston site was 
destroyed by an accidental fire and Woongoolba and Pimpama were treated by local council with 
herbicide. Data from these additional sites were only used in the analysis of growth and fecundity from 
year 1 to year 2.  
 
Plant demographic data collection 
Plant demographic data were collected from the three permanent sites from 2006–2008. Plants at each 
site were haphazardly selected and individually tagged. I attempted to sample at least 40 plants per site 
that were representative of the size structure of population (i.e. plants < 1 m, plants 1–2 m and plants 
greater than 2 m). This was not always possible as some populations were very homogenous in size. 
Mortality was recorded by noting any tagged plants that died during the study period. Between 
February and March each year (prior to flowering), the size of each tagged plant was measured. Plant 
size was calculated as an ellipsoidal volume using the plant’s maximum height, width at the widest 
point and the width perpendicular to the previous measurement. Ellipsoidal volume = 4/3π  a  b  c, 
where a = height/2, b = width/2, c = perpendicular width/2. Ellipsoidal volume is highly correlated with 
groundsel bush growth and fecundity making it an appropriate measure of size for use in my models 
(Sims-Chilton unpublished data, see also Fig. 2.8). 
 
Plants were sexed at the time of flowering and classified as male, female or unknown (immature). The 
number of seeds produced per female plant was measured by placing mesh bags over a known number 
Cerambycidae 
Bucculatrix ivella (Busck) Lepidoptera: 
Bucculatricidae 
1989 Leaf mines 
Puccinea evadens Uredinales: 
Pucciniaceae 
1997 Rust on leaves 
 76
of inflorescences (F) on all tagged plants across the six sites in the first year; 2006. This was conducted 
once all male flowers were dead to ensure all female plants had the opportunity to be pollinated. The 
number of inflorescences per branch (FPB) on four branches was recorded along with the total number 
of branches (TB) to determine the number of inflorescences per plant. Once mature, the seeds in the 
bags were counted (S). Using these data the number of seeds per plant was calculated using equation 1 
below: 
 
∑S = (S/F)(TBFPB) (Eq.1) 
 
From the 2006 data, I developed a good estimate of the number of seeds per inflorescence at each site. 
In 2007 and 2008, I confirmed the average number of seeds per inflorescence by randomly selecting 10 
inflorescences and counting the number of seeds in each. As a result, the fecundity of female plants in 
2007 and 2008 was measured by using the average number of seeds per inflorescence and multiplying 
by the number of inflorescences per branch of four randomly selected branches and the total number of 
branches on plants in 2007 and 2008. 
 
To determine the germination rate of groundsel bush seeds, three replicates of 50 seeds per plant were 
placed on 1% agar in petri dishes (i.e. 150 in total). Petri dishes were stored in temperature controlled 
cabinets, which fluctuated between 22–25ºC. Plates were checked weekly for six weeks to determine 
the number of seeds germinated. Any seeds that had not germinated in this time period were visually 
examined to assess viability. Homogenous white seeds with no indication of damage were considered 
viable.  
 
Field seed sowing trials were conducted across all three sites in July 2007; the usual time for 
germination and establishment. These trials were conducted in an attempt to determine germination and 
recruitment rate of seedlings at each site for use in the models. Two plots per site (total 6 plots across 
all sites) were set up with eight treatment combinations: 1) disturbed (removal of all above ground 
vegetation through hoeing), seeds added and watered, 2) undisturbed, seeds added and watered, 3) 
disturbed, no additional seeds and watered, 4) undisturbed, seeds added and not watered, 5) disturbed, 
seeds added and not watered, 6) undisturbed, no additional seeds and watered, 7) disturbed, no 
additional seeds and not watered and 8) undisturbed, no additional seeds and not watered. Each plot 
was 4 m  2 m, i.e. each treatment was contained in a 1 m  1 m square. Plots were watered upon 
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sowing only and 100 seeds (from multiple plants and sites) were added per seed addition treatment. 
Seeds were spread within 80 cm  80 cm square, leaving a 20 cm buffer between treatments. Plots were 
checked once per month for 6 months. From these trials only 3 seedlings were found across all sites, 
plots and treatments. This may indicate the low level of recruitment or high mortality rate of small 
seedlings in a low rainfall year; rainfall in south-east Queensland in 2007 was up to 200 mm below 
average (Commonwealth of Australia, 2009). It may also indicate high levels of competition or density 
dependent mortality. Further studies would need to be conducted to confirm this. These field trials 
provided me with lower limits for seedling germination and recruitment. 
 
Biological control agent damage 
Individual plants (Carbrook: n = 87, Carina: n = 75 Springfield: n = 40) were censused annually for 
damage characteristics of each biological control agent (Table 4.1; Sims Chilton et al. 2009, Chapter 
3). Leaf damage was scored on a 0–5 scale: 0 = 0% damage, 1 < 20% damage, 2 < 40%, 3 < 60%, 4 < 
90% and 5 > 90%. Each leaf damage score was assigned by randomly selecting four branches per plant, 
allocating a score for each branch and averaging the scores to give a damage result per plant. Where a 
plant had less than four branches, all of the branches were scored and averaged. The number of galls 
and stem-boring holes were counted on a per plant basis and were scaled to a per m3 basis for analysis 
and comparison.  
  
Insecticide application 
After flowering in 2007, half of the previously assessed plants at each site were randomly assigned to 
the insect exclusion treatment and the remaining plants were assigned to the water treatment 
(“control”). Random assignment of treatment was within the small, medium and large categories of 
plants. The insecticide exclusion experiment was conducted to test whether reducing levels of 
herbivory increased the plant vital rates and subsequently translated into population growth rate 
reductions. The insecticide and water were applied four times at each site over an eight month period, 
approximately every six to eight weeks. The insecticide used was Surefire Spectrum 200SC® (active 
ingredient: 200g/L imidacloprid). This insecticide was used due to its range of activity against a variety 
of herbivores (Sclar & Cranshaw, 1996). Many studies have shown that imidacloprid has no effect on 
the growth or fecundity of plants (e.g. De Walt et al., 2004), which I confirmed in a glasshouse 
experiment (see below). Each plant was given 660 mL of solution per metre plant height. An equivalent 
amount of water was applied to the control plants. Insecticide and water were applied to the soil around 
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the base of the plant because the insecticide used is a systemic insecticide. In the final three 
applications, the leaves of treated plants were also sprayed with insecticide.  
 
Glasshouse experiment 
We conducted a glasshouse experiment to test whether the insecticide affected growth of groundsel 
bush plants in the absence of herbivores. In July 2007, seeds from the Springfield site were germinated 
on agar. Seventeen seedlings were planted in individual 20 cm diameter pots using general purpose 
potting mix. Additionally, 28 seedlings were collected from Carbrook and Woongoolba sites and 
planted in individual pots in the same type of potting mix in the glasshouse; giving 45 plants in total. 
All plants were watered three times per week and half of the plants were treated with insecticide on a 
monthly basis (at the same rate as used in the field exclusion experiment). Plant heights were measured 
one week after planting and then on a monthly basis for three months. Using a statistical model, I 
modelled plant growth as a function of site and treatment and I found no significant effect of the 
insecticide on the relative growth of groundsel bush plants in the glasshouse (F1,42 = 1.38, P < 0.25). 
 
Statistical analyses and models 
Data collected on individual plants were used to construct a series of statistical models describing how 
growth and seed production of groundsel bush changed with variations in site, plant volume, plant sex, 
biological control agent damage levels, and insecticide treatment (details below). Models were 
analysed using linear mixed effects models to account for the random effect of site. The minimal 
adequate model in all instances was obtained by deleting explanatory variables one at a time. The 
simpler model was then compared with the full model using maximum likelihood ratio tests (Pinheiro 
& Bates, 2000). This was an iterative process until the minimal adequate model was found. Restricted 
Maximum Likelihood (REML) was used to determine parameter estimates of the best model. Volume 
of plants and the number of seeds were log transformed in all models to comply with normality 
assumptions. The statistics program R 2.7.2 (R Core Development Team 2008) and library nlme were 
used for all analyses.  
 
 Survival 
As survival was uniformly high throughout the entire study it was not modelled. The percentage of 
plants surviving in each year at each site was calculated. Plants at Pimpama and Kingston were killed 
(by herbicide and fire respectively) between years 1 and 2. Between years 2 to 3, Woongoolba was also 
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destroyed via council herbicide application. As such, only the sites not destroyed were used in 
appropriate analyses. 
 
Fecundity and germination 
Seed production (fecundity) was modelled as a function of plant volume (m3) and the biological control 
agent damage scores, with site as a random effect to account for non-independence between sites 
(model 1). For the treatment year, I modelled seed production as a function of plant volume (m3) and 
treatment, with site as a random effect (model 2). Site to site germination was analysed using an 
ANOVA and the proportion of seeds germinating was arc sine transformed. 
 
Growth of plants year 1 to 2 – “Control year” 
Volume (m3) of plants in the field in year 2 was modelled as a function of Volume in year 1 (m3), sex 
of the plant, biological control agent damage scores and all of their 2-way interactions (model 3). 
  
 Growth of plants year 2 to 3 – “Insecticide treatment year” 
Volume of the plants in year 3 was modelled as a function of the volume in year 2 (m3), the sex of the 
plant and the treatment (control or insecticide) (model 4). 
 
 Insect damage levels 
For the insecticide experiment, two-sample Wilcoxon tests (or Mann-Whitney tests) were used to 
determine whether the levels of biological control agent damage differed between treated and control 
plants, i.e. whether the insecticide effectively reduced herbivore damage scores. This was conducted 
for each damage type on a per site basis. 
 
 
Damage Simulations 
Once the best model for plant growth was found in the “control year” (model 3), I used it to simulate 
the effect of damage types on resulting plant volume. I simulated the effect of changing all damages to 
their average value, which resulted in plant volumes very similar to the observed and predicted values, 
demonstrating the adequacy of the model (see Appendix 4.1). Predictions of plant volume were made 
under two different damage scenarios; a) complete enemy release (all damages set to zero) and b) 
maximum damage (all damages set to their maximum observed values), simulating high levels of 
herbivory in the field as well as full potential biological control i.e. all damage types at their maximum 
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levels (which was never observed in the field). I also simulated the effect of the insecticide treatment 
on plant volume from the “control year” using the model from the “treatment year”. This was 
conducted to determine the impact of the insecticide treatment in the “control year” to ensure patterns 
seen in the insecticide year were not purely due to factors such climatic variables.  
 
To explore the effect of different damage types on plant vital rates, I set one damage type at a time to 
its minimum observed value (which was always 0) and its maximum observed value. Predictions of 
resulting plant volume were then made using the observed values of all explanatory variables in the 
data-set except the damage level being simulated. For example, to examine the effect of new galls on 
plant volume in year 2, I set new galls to its maximum observed value and the other damage types 
remained as their observed values. This scenario simulates the maximum level of new galls observed in 
the field and quantifies the potential of biological control over and above the observed average values 
in the field. If there is additional potential for biological control to reduce plant volume, I would expect 
that the resulting predicted plant volume would be smaller than with observed levels. Conversely, if 
damage due to natural enemies is suppressing plant growth in the field, a simulated damage level of 0 
would be expected to lead to an increase in the resulting plant volume.  
 
Matrix population models 
To quantify the effects of the biological control agents on population growth rate (λ), I constructed 
transition matrix models using the observed transitions of plants between life stages as well as 
transitions from simulated populations under the following ten damage scenarios; observed data, 
complete enemy release (damage due to all agents set to 0), full potential biological control (damage 
due to all agents simultaneously set to their observed maximum), insecticide simulation, zero new 
galls, maximum new galls, zero old galls and maximum old galls, zero rust and maximum rust and zero 
and maximum leaf holes and skeletonisation (see Damage simulations). These scenarios allowed me to 
quantify how changing levels of biological control agent damage would alter population growth rate 
and potential management targets. To construct the matrix models for each scenario, I pooled data 
across the populations. Due to the loss of some populations, I constructed matrices based on predicted 
data from 2006 to 2007 only (“Control year”).  
 
A matrix population model is described as Nt + 1 = ANt, where Nt is the number of individuals in each 
stage class at time t, and Nt+1 is the vector for the population size in the next year. A matrix A consists 
of matrix elements (aij) describing transitions from stage j to stage i. The three-stage matrix model 
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contained small non-reproductive plants (Small), medium reproductive plants (Medium) and large 
reproductive plants (Large) (Fig. 4.1). Seedlings were included in the small non-reproductive size class 
as seedlings reach reproductive maturity within 1 year (Anon., 2007). Reproductive categories were 
determined by splitting the reproductive plant size data by the mean and dividing into the Medium and 
Large categories. Matrix models for this dioecious species apply only to females; however, as survival, 
growth did not differ between female and male plants (P > 0.05 in all cases), I pooled data from both 
sexes to increase sample size. Statistical models indicated that the level of damage was not affected by 
sex of the plant. A seed bank was omitted because most groundsel bush seeds germinate within one 
year and a persistent seed bank is probably lacking (Auld, 1970; McFadyen, 1972; Westman et al., 
1975). I calculated fecundity transitions as the average seed production for a given size class  
germination  seedling recruitment. The germination and field seed sowing experiments provided the 
upper and lower limits for seed germination and seedling recruitment. Conditions for seedling 
recruitment in the field were unfavourable during this study. Only 3 out of 2400 (0.1%) seeds sown 
germinated and survived to seedling stage. I used the germination rate (30%) from the temperature 
cabinet with seedling recruitment rate of 0.1% observed in the field. I tested a number of recruitment 
rates (0.001%, 0.01%, 0.1%, 1%, 5%, 10% and 50%); however, they all showed qualitatively similar 
results. Here, I present a recruitment rate of 0.1%, which may still be considered a large overestimate 
due to the high number of seeds produced and low recruitment rates. I note that the aim is not to predict 
population dynamics of groundsel bush per se but to assess the realised and potential effect of the 
established biological control agents on population performance. For each scenario, I calculated λ and 
conducted bootstrap re-sampling to obtain 95% percentile intervals for λ (Caswell, 2001, eq. 12.18). 
Percentile intervals were calculated by sampling individuals with replacement 10 000 times from the 
original data, keeping the original sample sizes.  
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Figure 4.1. Life cycle graph of Baccharis halimifolia showing all possible transitions. Small: small 
non-reproductive plants, Medium: medium reproductive plants, Large: large reproductive plants. 
Arrows indicate the probability of an individual moving or contributing to the stage indicated during a 
year. The probabilities G and R refer to growth and retrogression respectively and F is fecundity i.e. 
offspring production per stage. Plants that remain in the same stage are indicated by S1-S3.  
 
To identify the best potential demographic transitions for management, I calculated elasticities from 
each matrix for different scenarios as aij vi wj /λ  vw,  where v and w are dominant left and right 
eigenvectors of a matrix and  vw,  is their scalar product. Elasticities describe the relative effect of 
perturbation in each matrix element on λ and sum to one within a matrix, making them comparable 
among different matrices. Elasticities allowed me to assess whether or not the established biological 
control agents’ target demographic transitions to which λ is most sensitive, and to assess whether 
biological control agent damage changes elasticities, potentially altering subsequent management 
targets.  
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Results 
 
Survival  
From year 1 to 2 of the study, 92% of groundsel bush plants at four sites (Carina, Carbrook, Springfield 
and Woongoolba) survived. Similarly, from year 2 to 3, 93% of groundsel bush plants survived at three 
sites (Carina, Carbrook and Springfield). High survival rates were most likely due to the relatively 
large volume of established sampled plants.  
 
Fecundity and germination  
In the “control year” (no insecticide), the number of seeds produced increased with plant volume (P < 
0.001) and with number of old galls (P < 0.006) (Table 4.2). The remaining damage types had no 
significant effect on the fecundity of the plants (LR6,11 = 8.84, P < 0.19) (model 1). In the “treatment 
year”, insecticide had no effect on the number of seeds produced (LR1,4 = 0.13, P < 0.72) (model 2). 
 
The overall average proportion of seed germination in the laboratory of all seeds across sites was 0.31 
± 0.037 SE. Site of collection had no effect on the average proportion of germinating seeds (F2,39 = 
1.67, P < 0.2). Seeds that did not germinate were cut-tested and only 4% were found to be viable, the 
remaining had unfilled or damaged achenes.  
 
Table 4.2. Model and parameter estimates for fecundity, only the simplest model is shown.  
Simplest model (model 1): log(Number of Seeds) ~ log(Volume of plant) + Old galls, site was included 
as a random effect (st. dev. 0.94). 
Variable Test Coefficient 
Intercept N/A 10.98 
log(Volume) LR1 = 57.17, P < 0.001 1.28 
Old galls LR1 = 7.54, P < 0.006 0.02 
 
Growth  
Volume of plants year 1 to 2 – “Control year” 
The mean volume of groundsel bush in the first year was 0.54 ± 0.085 m3, which increased to 0.98 ± 
0.11 m3 over one year. The volume of plants at time 2 was significantly influenced by the volume of 
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plants at time 1, sex, damage due to biological control agents and some two way interactions (Table 
4.3). The simplest model is given by: 
Model 3 = Log(Volume 2) ~ log(Volume 1) + leaf holes + leaf skeletonisation + rust + old galls + new 
galls + sex + rust:old galls + leaf holes:new galls + log(Volume 1):new galls + log(Volume 1):Leaf 
skeletonisation + Leaf holes:Sex, site was included as a random effect (st. dev. 0.801). 
 
Volume at time 1 had a positive effect on volume at time 2, both on its own and in interactions with 
new galls and leaf skeletonisation. Leaf holes had a negative effect on its own (i.e. reduced plant 
volume), however a positive effect (i.e. increased plant volume) when found in an interaction with new 
galls and, small immature plants. Individually, rust had a positive impact; however, when in an 
interaction with old galls, a negative impact on volume at time 2. Old galls had negative impacts 
individually and in an interaction with rust. New galls also had a negative impact individually; 
however, this was altered by a positive impact when in 2-way interactions with leaf holes and plant 
volume. See table 4.3 for parameter estimates and coefficients.  
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Table 4.3. Parameter estimates and coefficients of the volume of groundsel bush plants in the “control 
year”. Likelihood ratio tests were carried out for all variables removed from the model one at a time.  
Variable Test Parameter 
Log (Volume 1) In interaction – not tested 0.41 
Leaf holes In interaction – not tested –0.18 
Leaf skeletonisation In interaction – not tested 0.17 
Rust In interaction – not tested 0.16 
Old Galls In interaction – not tested –0.0004 
New Galls In interaction – not tested –0.09 
Sex In interaction – not tested Female: 0.23 
Male: 0.39 
Unknown: –0.91 
Rust:Old galls LR1 = 14.53, P < 0.0001  –0.009 
Leaf holes:New galls LR1 = 6.36, P < 0.012 0.12 
Log(Volume 1):New galls  LR1 = 4.03, P < 0.045 0.006 
Log(Volume 1):Leaf skeletonisation  LR1 = 5.68, P < 0.018 0.066 
Leaf holes:Sex  LR2 = 7.67, P < 0.03 Female: –0.18 
Male: –0.64 
Unknown: 0.47 
 
 
Volume of plants year 2 to 3 – “Insecticide treatment year” 
The mean volume of plants in the second year (before insecticide treatment) was 1.14m3, and after the 
treatment, surviving plants increased to 2.5m3 (control) and 3.83m3 (insecticide). The main effects of 
insecticide treatment and volume of the plants at time 2 significantly influenced the volume of the 
plants at time 3 (Treatment: LR1 = 6.55, P < 0.011, Volume at time 2: LR1 = 132.26, P < 0.001) (Fig. 
4.2).  
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Figure 4.2. The effect of the insecticide treatment on the volume of plants (logged m3) at time 3. Points 
are observed data and lines show the predicted relationship. 
 
  
 Insect damage levels 
At all sites, damage levels of leaf-mining, stem-boring, new and old galls were significantly lower on 
insecticide treated plants (Table 4.4) indicating that the insecticide treatment worked to reduce these 
types of herbivory. The insecticide treatment was only effective at reducing leaf holes and leaf 
skeletonisation at some sites (Table 4.4). As expected, there was no impact of the insecticide on the 
levels of rust (Table 4.4).  
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Table 4.4. Wilcoxon tests were carried out for each damage type at each site to determine whether the 
insecticide reduced the levels of agent damage. P values and test statistic (W) (in parentheses).  
Damage variable Site (W) 
 Carbrook  Carina Springfield 
Mining < 0.0004 (610) 
 
< 0.0001 (190) 
 
< 0.0001 (297) 
Leaf skeletonisation < 0.0003 (615) 
 
< 0.5 (92) 
 
< 0.09 (144) 
Leaf holes < 0.8 (410) 
 
< 0.008 (171) 
 
< 0.4 (83) 
Rust < 0.4 (335) 
 
< 0.9 (106) 
 
< 0.9 (109) 
Stem-boring < 0.002 (583) 
 
< 0.004 (181) 
 
< 0.0001 (210) 
Old galls < 0.03 (531) 
 
< 0.003 (183) 
 
< 0.02 (163) 
New galls < 0.04 (520) 
 
< 0.03 (153) 
 
< 0.0004 (185) 
 
 
Damage simulations 
Simulating zero damage showed a slight increase in plant volume in comparison to the observed 
values, indicating a very weak effect of enemy release (Fig 4.3a). As expected, simulating maximum 
levels of all damages resulted in a large decrease in plant volume at time 2 (Fig 4.3a). Simulating the 
effect of experimental exclusion of insects on plants in year one demonstrates a much larger enemy 
release effect than simulating zero damage (field data) (Fig 4.3a).   
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Figure 4.3a) Predicted volume of groundsel bush plants according to various damage scenarios. Box 
plots indicate median (bold line), minimum and maximum values (extent of whiskers) and inter-
quartile range (box). Damage scenarios are: observed values from the field, all damages set to zero 
(simulating complete enemy release), all damages set to their maximum value (full potential biological 
control) and simulation of insecticide treatment on year one plants. Dashed line indicates mean 
observed volume. 
 
 
Simulating zero and maximum damage types individually demonstrated a range of results. In each case, 
where zero damage is simulated I expected to see an increase in plant volume (compared to the 
observed volume); however, this was not the case. I expected an increase in plant volume because 
simulating zero damage represents an enemy release scenario, in which I would expect plants to 
respond positively to reduced herbivory. Only slight increases in plant volume can be seen from old 
galls, new galls and leaf holes (Fig. 4.3b). I expected an obvious decrease in the response when 
simulating high levels of each of the damage individually. A reduction in plant volume upon simulating 
high levels of an individual damage type would indicate that the damage is capable of reducing plant 
volume i.e. the agent may be deemed as ‘successful’. There appears to be a negative effect of old galls 
and new galls, a positive effect of rust and little effect of leaf holes and leaf skeletonisation.  
 
 
 89
 
 
Figure 4.3b) Predicted volume of groundsel bush plants according to various damage scenarios. Box 
plots indicate mean, minimum and maximum values as well as interquartile ranges. Damage scenarios 
are: observed values from the field, each individual damage type set to zero (one at a time): rust, old 
galls, new galls, leaf holes and leaf skeletonisation (simulating release of each damage individually) 
and each damage set to its maximum value (one at a time): rust, old galls, new galls, leaf holes, and leaf 
skeletonisation.  
 
 
Matrix models 
When damages were set to their mean values, λ (population growth rate) did not deviate from the 
observed values (Appendix 4.1). If the biological control agents were suppressing groundsel bush 
population growth rate, I would expect a decrease in population growth rate with damage and an 
increase in population growth rate when natural enemies are excluded. With release from enemies (all 
damages zero scenario), I expected an increase in population growth rate from the observed data; 
however, this was not the case. This may be due to the overall low levels of damage observed in the 
field i.e. the observed damage levels were close to zero (e.g. mean damage scores out of 5: rust 0.69, 
leaf holes 0.57, leaf skeletonisation 1.27, old galls 36/m3 and new galls 0.4/m3). As expected, λ values 
dramatically decreased from the observed λ when maximum level of all damages was simulated, and 
somewhat increased when I simulated an insecticide treatment scenario on the same plants (Fig. 4.4a). 
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The overall population projection matrices and the associated elasticity matrices for all data are 
presented in Appendix 4.2. 
 
 
Figure 4.4a) The population growth rate (λ) with 95% percentile intervals from 10 000 bootstrap 
samples of groundsel bush (Baccharis halimifolia). Four scenarios are represented; observed field data, 
no agent damage (enemy release), maximum level of all agent damages (full potential biological 
control) and insecticide treatment simulation. Dashed line indicates mean observed value. 
 
 
As with the individual plant effects, I expected a decrease in λ with high damage values and an increase 
with low or no damage. Simulation of enemy release for each damage type individually showed no 
obvious impact on λ; however, simulating high levels of old galls, new galls and leaf skeletonisation 
demonstrated a substantial reduction in λ in comparison to the observed field values (Fig. 4.4b). 
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Figure 4.4b. The population growth rate (λ) with 95% percentile intervals from 10 000 bootstrap 
samples of groundsel bush (Baccharis halimifolia). Eleven scenarios are represented; observed data, 
zero rust, zero old galls, zero new galls, zero leaf holes, zero leaf skeletonisation, maximum rust, 
maximum old galls, maximum new galls, maximum leaf holes and maximum leaf skeletonisation. 
Dashed line indicates mean observed value. 
 
 
The damage simulations indicate that large amounts of damage from single and multiple agent types 
can result in a reduction in population growth rate (Fig. 4.4a and b). 
 
In all damage scenarios (except when new galls were manipulated), the elasticity of λ was consistently 
highest for the seedling to medium sized reproductive plant transition (stage 1–2) (Appendix 4.2). 
Simulating zero and maximum new galls, the highest elasticity of λ was to growth and survival 
transitions of medium and large reproductive plants (Appendix 4.2). Where old galls and all damage 
were set to their maximum, elasticities were unable to be calculated. This is because these simulations 
 92
had a strong negative impact on the response (plant volume at time 2) and there were no transitions to 
new life stages and in some cases, only retrogressions occurred.  
 
Discussion 
I have demonstrated that while biological control agents have negative effects on individual plant vital 
rates these were not generally converted into reductions in population growth rate at observed damage 
levels in the field. However, biological control agent damage has the potential (in particular the gall-
former R. californica) to result in substantial reductions in population growth rate if damage levels can 
be achieved at their observed maximum throughout a population.  
 
From the statistical damage models, as expected, I found that simulating maximum observed damage 
levels decreased the volume of groundsel bush plants and these individual effects translated into a 
decrease in population growth rate. However, simulating a complete enemy release scenario or setting 
individual damage types to zero, did not result in a large increase in individual plant volume or 
population growth rate as anticipated if agents were currently suppressing plants in the field. High 
levels of old galls appear to have an impact on individual plants, and high levels of both old and new 
galls, as well as leaf skeletonisation, appear to have a negative impact on population growth rate in 
comparison to observed field rates. Similarly, Doak (1992) used field experiments and mathematical 
models to simulate damage intensity on dwarf fireweed (Epilobium latifolium Onagraceae) and found 
high levels of attack and chronic levels of insubstantial herbivory both resulted in growth suppression.  
 
I found reduced herbivore loads on insecticide treated plants, which led to increased plant growth. 
While insect exclusion led to a larger enemy release effect on plant growth than simulating zero 
damage in the statistical models, it was not sufficient to lead to a convincing increase in population 
growth rate. The insect exclusion experiment was therefore in broad agreement with the observational 
models. However, the experimental exclusion showed that observed damage levels are probably an 
under-estimate of the actual damage levels. While in this case it made no qualitative difference to my 
conclusions, this may not be the case for other systems, highlighting the importance of using both 
correlational and manipulative approaches for assessing effectiveness of herbivore damage. 
 
Maximum levels of damage simulated in the model were observed occasionally on individual plants, 
but not consistently within a site (see Table 3.2). Low damage levels in the field also explain the lack 
 93
of “enemy release” observed when all damages were simultaneously set to zero. I expected that 
simulating zero damage would result in an increase in individual plant volume and population growth 
rate; however, simulating zero damage resulted in predicted plant sizes very similar to observed data. 
This contrasts with the insect exclusion experiment, where there is a detectable enemy release effect on 
plant growth that was not picked up by the correlational method. This is either because observed zero 
damage levels in the field were not actually true zeros (i.e. there was undetected damage of the types 
assessed), or damage types not associated with the biological control agents and not assessed in the 
field contribute to enemy release (e.g. root feeders). 
 
While biological control agents have the potential to attack groundsel bush at much higher levels, they 
rarely achieve these maxima consistently at the population level. The biological control agents may be 
limited by abiotic or biotic factors. In Chapter 6, I found a significant affect of climate on the 
distribution of groundsel bush plants, and potentially, their abundance. Since groundsel bush is the 
exclusive host of these agents, it would not be surprising to find a climatic effect on the agents. For 
example, in the early 1980s, establishment of the gall former in some areas failed and was attributed to 
groundsel bush plants being drought stressed and not actively growing. In Chapter 3, I also found that 
groundsel bush biological control agents can be patchy in their effectiveness due to rainfall, 
temperature and elevation. Additionally, the species of biological control agents introduced in this 
system have been in Australia for up to 40 years, during which time native generalist predators and 
parasitoids may have started using them as a resource. Parasitic wasps (such as Torymoides spp. 
Hymenoptera: Torymidae) of the gall former were discovered 18 months after its release in 
Queensland. At this time, parasitism rates were < 10% (McFadyen, 1984); however, by 1991, rates as 
high as 90% were recorded (Palmer et al., 1993), and this may have further increased over the past 20 
years. To date, no studies have examined parasitoid or predator interactions in the groundsel bush 
system. 
 
Numerous studies have found that insect herbivores and pathogens can exert a negative effect on the 
establishment and performance of invasive plants (Colautti et al., 2004; Franks et al., 2008) or 
populations (Buckley et al., 2003b; Knight, 2004; Schutzenhofer & Knight, 2007). However, this study 
is unique in that it uses experimental exclusion in combination with correlational models to separate the 
effects of multiple agents. These data are then used in matrix models to examine if each of the agents 
(found to be significant in the models) had an impact on population growth rate. Insecticide exclusion 
techniques are not specific for individual taxa (Gerber et al., 2008), therefore when multiple agents are 
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present in an exclusion experiment it is impossible to determine which agents or combinations of 
agents are causing reduced growth. I found that the agents that significantly affected plant volume in 
the models (e.g. galling) were successfully excluded using insecticide (Table 4.4).   
 
Myers (1985) suggests that generally one agent is responsible for success of biological control 
programs. I attempted to tease out the individual effects of the agents in the statistical models and 
determined that galling damage was the most effective at reducing individual plant volume and 
population growth rate. Soon after its release, the gall former was found to reduce flower production by 
93% (McFadyen, 1984), and even at this stage, was classified as the most successful agent on 
groundsel bush (Palmer et al., 1993). Leaf skeletonisation appears to have little impact on individual 
plant vital rates but has a negative impact on population growth rate. This is because leaf 
skeletonisation has a negative effect on small plants but a positive effect on large plants (due to the 
significant interaction between plant size and skeletonisation damage in the growth model). The matrix 
model population growth rate has a high elasticity to small plant growth transitions, which leads to a 
large impact of relatively small changes in these transitions on population growth rate. This is an 
important example of where documenting effects of agent damage on vital rates alone does not tell us 
how those effects will impact on population dynamics thus highlighting the necessity of the approach 
taken here. The effect of each of the agents may also be enhanced by the stress of damage exerted by 
the other agents. A complementary suite of agents is often released to target different parts of the plant 
and hence resources available for growth and reproduction (e.g. Campanella et al., 2009).  
 
A reduction in fecundity due to herbivory has been seen in a number of studies (e.g. Louda & Potvin, 
1995). The population growth rates found in this study were not particularly sensitive to changes in 
seed production levels. However, the growth of a plant to a reproductive size was particularly 
important, and I found a strong correlation between plant size and seed production. As such, it can be 
implied that if biological control agents are successful in reducing the size of a plant, the fecundity may 
also be indirectly reduced. Ehrlén (1995) also found that a decrease in the proportion of large Lathyrus 
vernus L. Fabaceae plants due to herbivory resulted in a decline in the number of seeds produced.  
 
Numerous studies have shown a reduction in growth of individual plants with the exclusion of 
herbivores (Waloff & Richards, 1977; Franks et al., 2006; Paynter, 2006). Such studies provide the first 
mechanistic step in understanding the effect of the biological control agents because they will only 
have an impact on populations if they impact individual plants at critical life stages (Franks et al., 
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2006). A stronger test of impact of biological control is through estimating population growth rates 
with and without herbivory. Schutzenhofer and Knight (2007) found no difference in population 
growth rates with different levels of simulated herbivory for an invasive plant and Miller et al. (2009) 
demonstrated a decrease in population growth rate (native system) with this pattern varying across an 
environmental gradient. Given that insect damage is variable across the invaded range of groundsel 
bush in Australia (Sims-Chilton et al., 2009) (Chapter 3) we may also see differences in population 
growth rate where damages are higher. 
 
The aim of biological control is to reduce the impact of the invader, but only where impact can be 
closely associated with population density (Thomas & Reid, 2007; Yokomizo et al., 2009). As I did not 
find an effect of observed levels of biological control agent damage on population growth rate, it is 
unlikely that the biological control program has contributed to a reduction of impact of the weed. 
However, the converse is not true; if I had found an effect on population growth rate, it would not 
necessarily follow that reduction of impact would occur. If this had been the case, further studies of 
impact in relation to population density would have been necessary. 
 
Limitations 
Although this study was conducted over a short time frame, effects of reduced growth due to agent 
damage were strong enough to be detected. A longer study may show a stronger, cumulative, effect 
with a higher reduction in growth of groundsel bush. Indeed I have direct evidence that cumulative 
damage has an effect on groundsel bush growth as the number of old galls (significant in the growth 
model) are the cumulative effect of all previous years of galling.  
 
There are various problems associated with insecticide exclusion trials (Farrell & Lonsdale, 1997). For 
example, most insecticide exclusion experiments will not exclude all insects so estimates of increased 
growth in the absence of herbivory may be underestimates. The exclusion experiments in this study 
significantly reduced the levels of most of the insect damage types; however, I did not use a fungicide 
to exclude the rust, therefore the statistical models showed no effect of rust. Additionally, the 
insecticide may have excluded some generalist species that I have not taken into consideration in the 
simulation models.  
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Conclusions 
Studies using population models to assess biological control effects on plant populations have been 
conducted mostly to inform selection of biological control agents (Davis et al., 2006), rather than 
evaluating an existing biological control program. Such retrospective evaluation studies are important 
as they can help to determine whether the current agents are effective, if further management is needed 
and to develop and inform future studies (McEvoy & Coombs, 1999). Invasive species pose significant 
economic and environmental costs and biological control can have unintentional consequences (e.g. 
Louda & Stiling, 2004). For this reason, examining the effectiveness of biological control agents is 
imperative. This is best conducted on a regular basis following the release of the agents (Morin et al., 
2009). However, long-term biological control programs that already exist (such as groundsel bush) 
provide an example of how biological control effectiveness can be examined well after the release of 
the agents. As a result of this study, I can identify those agents (the gall former, R. californica) that are 
more effective and the magnitude of their damage, which may assist in prioritising further management 
actions. Groundsel bush is still a noxious weed and extremely problematic on the east coast of 
Australia. This study demonstrates a small impact of the agents and as a result, the groundsel bush 
problem may have been worse if no agents were released. In areas where it is still a large problem, it 
may be necessary to release more agents or conduct integrated pest management. A good biological 
control evaluation will link plant vital rates to population dynamics to assess the relative success of the 
biological control agents.  
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Appendix 4.1. 
 
a) Predicted plant size (ln m3) with observed, and simulated levels of damage (zero and average).  
 
 
 
b) Predicted population growth rate with observed, and simulated levels of damage (zero and average). 
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Appendix 4.2. 
 
a) Population projection matrices and b) elasticities of groundsel bush populations at 0.1% recruitment 
rate. 
Observed values 
a)                                  b) 
 Small Medium Large   Small Medium Large 
Small 0.11 1.06 31.95  Small 0.01 0.03 0.30 
Medium 0.75 0.57 0.07  Medium 0.21 0.05 0.002 
Large 0.07 0.4 0.92  Large 0.1 0.18 0.12 
Model Prediction  
a)                                  b) 
 
 Small Medium Large   Small Medium Large 
Small 0.02 1.06 31.9  Small 0.002 0.04 0.25 
Medium 0.91 0.54 0  Medium 0.28 0.06 0 
Large 0 0.43 0.98  Large 0 0.25 0.12 
All damages set to zero 
a)                                  b) 
 Small Medium Large   Small Medium Large 
Small 0 1.06 31.94  Small 0 0.03 0.25 
Medium 0.93 0.45 0  Medium 0.29 0.05 0 
Large 0 0.52 0.98  Large 0 0.25 0.12 
All damages set to average 
a)                                  b) 
 Small Medium Large   Small Medium Large 
Small 0 1.06 31.95  Small 0 0.04 0.25 
Medium 0.93 0.51 0  Medium 0.29 0.06 0 
Large 0 0.46 0.98  Large 0 0.25 0.12 
All damages set to maximum levels 
a)                                  b) 
 Small Medium Large   Small Medium Large 
Small 0.93 1.06 31.95  Small 1 0 0 
Medium 0 0.28 0.92  Medium 0 0 0 
Large 0 0 0.05  Large 0 0 0 
Zero old galls 
a)                                  b) 
 Small Medium Large   Small Medium Large 
Small 0.02 1.06 31.95  Small 0.002 0.04 0.25 
Medium 0.91 0.52 0  Medium 0.28 0.06 0 
Large 0 0.45 0.98  Large 0 0.25 0.12 
Maximum old galls 
a)                                  b) 
 Small Medium Large   Small Medium Large 
Small 0.93 1.06 31.95  Small 1 0 0 
Medium 0 0.49 0.98  Medium 0 0 0 
Large 0 0 0  Large 0 0 0 
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Zero new galls 
a)                                  b) 
 Small Medium Large   Small Medium Large 
Small 0.02 1.06 31.95  Small 0.002 0.04 0.25 
Medium 0.91 0.52 0  Medium 0.28 0.06 0 
Large 0 0.45 0.98  Large 0 0.25 0.12 
Maximum new galls 
a)                                   b) 
 Small Medium Large   Small Medium Large 
Small 0.34 1.06 31.95  Small 0.04 0.05 0.21 
Medium 0.60 0.75 0.05  Medium 0.25 0.11 0.001 
Large 0 0.22 0.93  Large 0 0.21 0.13 
Zero rust 
a)                                  b) 
 Small Medium Large   Small Medium Large 
Small 0.02 1.06 31.95  Small 0.002 0.04 0.24 
Medium 0.91 0.58 0  Medium 0.28 0.07 0 
Large 0 0.40 0.98  Large 0 0.24 0.12 
Maximum rust 
a)                                     b) 
 Small Medium Large   Small Medium Large 
Small 0.02 1.06 31.95  Small 0.002 0.03 0.26 
Medium 0.91 0.36 0  Medium 0.29 0.04 0 
Large 0 0.61 0.98  Large 0 0.26 0.12 
Zero leaf skeletonisation 
a)                                     b) 
 Small Medium Large   Small Medium Large 
Small 0 1.06 31.95  Small 0 0.04 0.25 
Medium 0.93 0.52 0.02  Medium 0.29 0.06 0.0004
Large 0 0.45 0.97  Large 0 0.25 0.12 
Maximum leaf skeletonisation 
a)                                     b) 
  
 Small Medium Large   Small Medium Large 
Small 0.34 1.06 31.95  Small 0.04 0.03 0.24 
Medium 0.60 0.49 0  Medium 0.27 0.06 0 
Large 0 0.48 0.98  Large 0 0.24 0.13 
Zero leaf holes 
a)                                     b) 
   
 Small Medium Large   Small Medium Large 
Small 0.02 1.06 31.95  Small 0.002 0.03 0.26 
Medium 0.91 0.40 0  Medium 0.29 0.04 0 
Large 0 0.57 0.98  Large 0 0.26 0.12 
Maximum leaf holes 
a)                                     b) 
  
 Small Medium Large   Small Medium Large 
Small 0.02 1.06 31.95  Small 0.002 0.03 0.25 
Medium 0.91 0.45 0.03  Medium 0.29 0.05 0.001 
Large 0 0.52 0.95  Large 0 0.26 0.11 
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Chapter 5 
Criteria for assessing CLIMEX models used in weed biological control programs: 
Making CLIMEX models more meaningful for biological management of weeds 
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Introduction 
 
Biotic invasions occur when organisms are introduced or spread to locations outside their native range 
and their offspring are able to reproduce, disperse and persist in those locations, outcompeting native 
species. Humans, both accidentally and deliberately, initiate almost all invasions and very few places in 
the world remain free from non-native species (Mack et al., 2000). Globally, invasive species threaten 
biodiversity, agriculture and ecosystem function (Mack et al., 2000; Hulme, 2003) resulting in 
significant costs from reduced economic output (e.g. losses in crop production) and the direct cost of 
control (Mack et al., 2000). The initial stages of an invasive species incursion is thought to be the most 
cost–effective stage at which to target management (Puth & Post, 2005). Therefore, understanding of 
the likely current and future extent of an invasion and, if required, the potential for biological control 
agents to establish, disperse and have an impact, is vital to the effective management of invasive 
species.  
 
The spatial and temporal distribution of species is influenced by a number of factors including climate, 
resource availability, genetic variability, competition and predation (Andrewartha & Birch, 1954; Davis 
et al., 1998). Of these factors, climate is considered one of the most important, influencing species 
dynamics, abundance and distribution both directly and indirectly (Andrewartha & Birch, 1954; 
Woodward, 1987) as well as invasion success (Hayes & Barry, 2008). In a given climate, factors such 
as habitat, resources, competitors and predators further influence the presence, absence and variation in 
abundance of a species at various scales. The influence of climate on species distribution and 
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abundance is not a recent revelation: somewhere between 370 BC and 285 BC, Theophrastus 
understood the influence of climate on plant distribution, observing that ‘…each tree seeks an 
appropriate position and climate is plain from the fact that some districts bear some trees but not 
others…’ (Woodward, 1987).  
 
With increasing global temperatures and changes in precipitation levels (Hennessy et al., 2007), some 
species have the ability to persist and spread into new environments, while others may do the reverse 
and become less abundant, or even go extinct. In this situation, species with a track record of being 
invasive, having traits that already predispose them to effective dispersal and competition, are likely to 
expand their range and may become more problematic. The responses of invasive species to climate are 
reported to explain approximately 70% of the variation in potential geographic distributions of the 
invader (Sutherst et al., 2007a). As a consequence, climate is the main starting point for efforts to 
predict invasive species distributions (see Hayes & Barry, 2008). 
 
Developing an understanding of the potential distribution of invasive species, and their respective 
natural enemies, provides a good starting point for deciding where management resources should be 
allocated (Kriticos et al., 2005). Due to the significant agricultural, environmental and economic costs 
of invasive plants that have already become well established and dispersed (Sinden et al., 2004), we 
need cost–effective tools for predicting the establishment and spread of invasions before they do much 
harm. Population models that incorporate the effects of climate are increasingly being used to predict 
the spread of invasive species already introduced (Dunlop et al., 2006) or the likelihood of a species 
establishing if introduced (McFadyen & Skarratt, 1996). A number of climate based distribution 
modelling tools are available, for example CLIMEX (Sutherst & Maywald, 1985; Sutherst et al., 2004), 
BIOCLIM (Busby, 1991; Walker & Cocks, 1991), HABITAT (Walker & Cocks, 1991; Carpenter et 
al., 1993), DOMAIN (Carpenter et al., 1993), GARP (Andersen et al., 2005) and BioSim (Bourchier & 
Van Hezewijk, In press). BIOCLIM, HABITAT and DOMAIN incorporate specialised algorithms such 
as generalised linear models whereas GARP incorporates species occurrence and environmental data. 
CLIMEX is a process-based model (Sutherst et al., 2004). All of these models rely on species 
distribution and abundance data to fit the models (Pearson & Dawson, 2003; van Klinken et al., 2009) 
and the assumption that climate is the primary factor determining the current and potential distribution 
of a species (Baker et al., 2000; Gallagher et al., 2006).  
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Such assumptions cause sceptics to question the validity of predictive models (Davis et al., 1998). The 
veracity of the assumption depends on how well the modelling tools and process has been 
implemented. Kriticos and Randall (2001) offer the salient observation that such models are a tool to 
inform decision-making and should never be considered or expected to precisely replicate reality. In a 
number of cases, the climate modelling tools are not used to their full potential, full parameter sets are 
not documented, or little to no quantification or testing of the predictions are provided. Additionally, 
the predictive capacity of any model is highly dependent on the data available (Lawson et al., 2008). 
Using and applying climate modelling tools correctly can at least provide users with an estimate of the 
likely species distribution and/or seasonal abundance. However, incorrect or poorly constructed models 
can result in misleading predictions and ultimately wasted management resources. This underlines the 
imperative for these models to be properly documented, validated and tested to ensure they are 
deployed and used most effectively.  
 
This review focuses on the climate modelling tool CLIMEX and its use in predicting the distribution 
and spread of invasive plant species and their biological control agents. The aim is to determine 
whether climate modelling tools, in particular CLIMEX, are useful in making these predictions to assist 
in invasive species management decisions. This is particularly important under global climate change. 
CLIMEX has been used extensively by researchers, particularly in Australia where the tool was 
developed, and is regarded as a very suitable approach for predicting weed distributions (Kriticos & 
Randall, 2001). It has an advantage over some other models in that it can be used to fit global data, it 
can incorporate climate change scenarios, and it provides insights into the ecological requirements of a 
species (Kriticos & Randall, 2001). I outline the CLIMEX approach to predicting the potential 
geographic range of invasive plant species and their biological control agents. I then assess how well 
the published models have been developed, tested and validated. To achieve this, case studies of 
CLIMEX applications are examined according to criteria (outlined below) to determine the accuracy 
and reliability of published CLIMEX applications. The virtues and limitations of climate modelling are 
then discussed along with suggestions for future use of such models.  
 
 
What is CLIMEX?  
 
CLIMEX, a computer-based, eco-climatic modelling system, uses a species response to climatic 
variables and meteorological data to predict its relative abundance and distribution in relation to 
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climate (Stewart et al., 1995; Sutherst et al., 1999; Sutherst et al., 2004). The program is generally used 
to predict; 1) the relative suitability of a locality for a species, i.e. matching climates between regions, 
regardless of species, 2) the temporal variation in the suitability of a site for a species, under current 
and future climates, and 3) the seasonal phenology of a species. CLIMEX is applied by assigning 
parameters that describe a species population response to temperature, moisture and light, and assumes 
that populations experience both a favourable and unfavourable season for growth. An annual growth 
index (GIA) describes the potential for growth of the population during the favourable season. GIA, 
which is scaled between 0 and 100, is the annual sum of the weekly GI values (GIW) values. These 
weekly values are the product of the weekly temperature (TI) and moisture (MI) indices, in the form of 
GIW = TI  MI (Sutherst et al., 2004). Both TI and MI have similar forms and posit that a species will 
have a favourable range of temperatures and moisture levels at which growth is maximal falling away 
at extreme values. The likelihood of populations surviving through unfavourable seasons is described 
by four stress indices (SI): dry, wet, cold and heat, and if required, the interactions between these 
stresses (e.g. hot-wet, etc.). Each stressor increases as conditions become more extreme. An annual 
overall measure of favourableness, the ‘Ecoclimatic Index’ or EI is produced through the combination 
of the GIA and SI: (EI = 100  (∑ GIW)/52  [(1-CS)  (1–DS)  (1–HS)  (1–WS)] (Sutherst & 
Maywald, 1985). The EI value indicates the favourableness of the location, year or month for the 
species, in the range 0 to 100, with a higher EI value being more suitable (Scott & Yeoh, 1999; Sutherst 
et al., 2004). Details on how each index is calculated and a full description of the parameters can be 
found in Sutherst et al. (2004) and Appendix 5.1. 
 
 
Predicting species distributions under current and future climates?  
 
The ability to predict the distribution and potential spread of an invasive species is of fundamental 
importance not only for understanding community assembly and population dynamics, but also for 
management of spread (Puth & Post, 2005). If where a species is likely to persist can be determined, 
management resources can be directed to these areas for management or surveillance. Additionally, if 
we know where a biological control agent is more likely to establish and persist, we will have a better 
understanding of their climatic tolerances and limits for use in release programs (Zalucki & van 
Klinken, 2006). 
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 Predictions using known distribution data (‘Compare locations’) 
The main CLIMEX model function, referred to as ‘Compare Locations’, allows the user to predict the 
potential climatically favourable areas for a species, also referred to as its potential distribution. The 
predictions are based on the species’ current distribution, on tolerances determined by experimental 
data, and/or life history information (Kriticos et al., 2003b). The information provided by this function 
is generally in the form of a map of locations indicating climatic suitability on a 0–100 scale, with a 
score below 20 is generally considered poor for the survival and persistence of a species (Sutherst et 
al., 2004). The locations may be specific places for which historic climatic data has been recorded, 
usually in the form of monthly averages, or locations for which such data has been interpolated (a 
climate surface). 
  
This function is also used to predict the fate of biological control agents (e.g. Senaratne et al., 2006; 
Heard et al., 2009). Each agent that is imported, tested and released, represents a considerable cost in 
both time and money, therefore anything that increases the efficiency of these programs is valuable 
(Cruttwell McFadyen, 1991). The process of selection and release of a biological control agent is 
estimated to have an average cost of 460 000 USD per agent (Heard & Pettit, 2005). Distribution and 
abundance predictions for biological control agents, based on climate, can be used to infer whether the 
agent is likely to persist in an area. CLIMEX has largely been used to make these predictions and 
determine whether agents have the potential to establish alongside their hosts, or predict the 
geographical location at which the agent is most likely to be effective (i.e. the best release site) (Scott 
& Yeoh, 1999; Senaratne et al., 2006). The approach has been used successfully post-agent 
introduction to determine the best localities for spreading an agent (Heard et al., 2009). Knowing where 
a species is less likely to establish can save time and money during the distribution phase of a 
biological control program.  
 
When predicting invasive species distribution, accuracy and reliability of the model is vital and 
becomes more difficult with climate change. A climatic shift in a region may broaden or restrict the 
area in which an invasive species can persist. Climate is changing, and various scenarios can be 
modelled in CLIMEX. The Intergovernmental Panel on Climate Change (IPCC) (Hennessy et al., 
2007) suggests global average surface temperatures will increase in the range of 1.4ºC–5.8ºC by 2100 
and precipitation and evaporation will increase by 1–9% by 2100 (Pittock, 2005). Regional climate 
change scenarios generated by global climate models (GCMs) (Anon, 1996) indicate that the 
temperature along the south coast of Australia is likely to increase by 0.3–1ºC by the year 2030 and 
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0.6–2.7ºC by 2070 (Sutherst, 2000). By simulating such predictions in CLIMEX, scientists are able to 
gauge the potential spread or reduction of an invasive species under a number of scenarios and plan 
accordingly (Kriticos et al., 2003b). However, this is predicated on having a sound species model in the 
first place. Acacia nilotica ssp. indica is one of many species, which has been modelled in this way, 
and shows potential for a range expansion both south and west of its current distribution in Australia 
(Kriticos et al., 2003b). With this knowledge, management authorities can plan for further spread by 
closely monitoring the range extremities of the species.  
 
 Predictions using phenological data  
For many well-studied insect species, the temporal tolerances or seasonal phenology is often 
documented from laboratory or field studies (Liu et al., 2002). Such prior knowledge can assist in more 
accurate parameterisation of models as fewer parameters need to be fitted iteratively (Zalucki & van 
Klinken, 2006). This is particularly useful when the geographic distribution of the species is not well-
known or where collection records are from the edges of the range of the species. The distribution of 
many insects is often based on haphazard and even biased museum collection records, and therefore, it 
can be difficult to establish the species’ distributional limits (Zalucki & van Klinken, 2006). Coetzee et 
al. (2007) used physiological data to parameterise a CLIMEX model for Eccritotarsus catarinensis 
Carvalho (Heteroptera: Miridae), a biological control agent for water hyacinth, Eichhornia crassipes 
(Mart.) Solms (Pontederiaceae). They found that CLIMEX produced a fairly accurate prediction of the 
agent’s distribution; however, the agent did not establish in some areas that the model predicted were 
climatically suitable. Obviously, climate is not the only limiting factor influencing a species 
establishment and distribution (Davis et al., 1998); however, a model based on phenology can produce 
a broad prediction that appears fairly accurate (see also Lawson et al., 2008).  
 
 Matching climates in different regions (‘Match Climates’) 
Another of CLIMEX’s functions, known as ‘Match Climates’, allows the user to compare climatic 
conditions in two different areas independent of species requirements. The predominant use of this 
function is to compare the climatic conditions in different locations and has similarities to the use of 
climadiagrams (Walter & Leith, 1960). For example, if a species occurs in Florida and is being 
considered for biological control in Australia, this function provides a rapid assessment of areas in 
Australia that are likely to have a similar climate, and where the species is more likely to succeed. If 
the results indicate that an agent would only be successful in a small area in Australia then, 
climatically, the model suggests there is little chance it will establish and further research may be 
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directed to other potential agents. A major issue with this function is that the level of ‘similarity’ 
between regions must be arbitrarily decided by the user. A higher level of similarity will restrict the 
extent of climatic matches and may overlook areas that are climatically suitable, whereas a low 
similarity may suggest large parts of a region will be suitable when in reality they are not (Senaratne et 
al., 2006). An agent should therefore not be introduced based on these predictions alone. The 
developers of the program (Adair & Scott, 1991; Sutherst et al., 2004) suggest anything greater than a 
0.7 (or 70%) match index is a good level to choose; however, not all studies use this (see Table 5.1).  
 
The climate matching function provides a minimalist approach when limited collection records are 
available. If the collection record is from the edge of the species’ distribution, the model will produce 
imprecise predictions. For example, Day and McAndrew (2002) used the function to determine areas in 
Australia that may be climatically similar to Curitiba (in Brazil) to determine where Charidotis 
pygmaea (Coleoptera: Chrysomelidae) may successfully establish in order to control Lantana 
montevidensis (Verbenaceae). They chose to use this method as they only had two collection records 
for this species. They found a number of areas in south-east Queensland with a Match Index greater 
than 60% (or 0.6). The insects were released in these areas and subsequently failed to establish. In 
hindsight, these collection records may have been from the edge of the species’ distribution, which 
skewed the matched predictions. A more detailed model, based on more native distribution data or with 
temporal tolerances incorporated may have predicted a better distribution. Alternatively, factors other 
than climate may have limited the insect’s establishment. The solution is to build in as much real data 
into the assessment and to clearly state the data used to build the model, so that this can be factored into 
user’s assessment. 
 
Comparison of models developed using the ‘Compare Locations’ and the ‘Match Climates’ functions 
of CLIMEX for five Mimosa pigra biological control agents revealed that where native range records 
for a species were minimal (< 12 records) the ‘Match Climates’ function produced very similar 
Australian range predictions to the more detailed ‘Compare Locations’ models (Lawson et al., 2008). 
As mentioned previously, there is a greater chance of models based on a low number of records being a 
poor representation of species climatic preferences, resulting in skewed predictions. Clearly caution 
needs to be exercised using either the ‘Compare Locations’ or ‘Match Climates’ functions; however, 
the variability of the Match Index percent and the relative ease of the comparisons demand more 
scrutiny of the results.  
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Table 5.1. Case studies using the ‘Match Climates’ function in CLIMEX, showing study system what was being predicted and the 
value of index used to ascertain a match  
Reference Study species (Family) Predicting (where) Index 
 Weed Agent (or potential agent)   
Wright and Stegman (1990) Eichhornia crassipes 
(Pontederiaceae) 
Neochetina bruchi 
(Coleoptera) 
Predicting efficacy of biological 
control agent 
Not stated 
Adair and Scott (1991) Chrysanthemoides 
monilifera (Compositae) 
Chrysolina sp. 
(undescribed) (Coleoptera) 
Predicting best release sites for 
potential biological control agent 
> 0.6 
Scott (1991) Acacia Karroo Hayne 
(Mimosaceae) 
 Potential spread of an introduced 
plant 
> 0.7 
Carter (1993) Reseda phyteuma 
(Resedaceae) 
 Potential spread of an introduced 
plant 
> 0.7 
Wapshere (1993) Solanum elaeagnifolium 
(Solanaceae) and 
Heliotropium amplexicaule 
(Boraginaceae) 
 Predicting efficacy of biological 
control agent 
Not stated 
Csurhes and Kriticos (1994) Gleditsia triacanthos L. 
(Caesalpiniaceae or 
Fabaceae) 
 Potential spread of an introduced 
plant 
> 0.5 
Byrne et al. (2002) Solanum sisymbriifolium 
Lamarck (Solanaceae) 
Gratiana spadicea Klug 
(Coleoptera) 
Comparison of climate of release sites 
to climate in native range 
> 0.5 
Day and McAndrew (2002) Lantana montevidensis Charidotis pygmaea Klug Predicting potential efficacy > 0.6 
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Sprengel Briquet 
(Verbenaceae) 
(Coleoptera) (according to climate) of biological 
control agent  
Goolsby et al. (2003) Lygodium microphyllum 
Cav. R. Br. (Lygodiaceae) 
 Identifying areas to explore for 
potential biological control agents 
(using the host plant distribution data)
> 0.7 
Van Klinken et al. (2003) Prosopis ssp. 
(Leguminosae) 
Evippe sp. (Lepidoptera) 
and Prosopidopsylla flava 
(Hemiptera) 
 
A posteriori comparison to determine 
whether predictions from climate-
matching are sufficiently accurate to 
guide agent prioritization.  
 
> 0.7 
Dhileepan et al. (2006) Acacia nilotica ssp. indica 
Benth. Brenan 
(Mimosaceae) 
 Identifying areas to explore for 
potential biological control agents 
(using the host plant distribution data)
> 0.5 
Senaratne et al. (2006) Acacia nilotica ssp. indica 
Benth. Brenan 
(Mimosaceae) 
 Identifying areas to explore for 
potential biological control agents 
(using the host plant distribution data)
0.5 to 0.9 
Coetzee et al. (2007) Eccritotarsus crassipes 
Mart. Solms 
(Pontederiaceae) 
Eccritotarsus catarinensis 
Carvalho (Heteroptera) 
Predicting potential distribution of 
biological control agent 
> 0.75 
Lawson et al. (2008) Mimosa pigra L.  
(Mimosaceae)  
 Predicting potential distribution of 
biological control agent 
> 0.5 
*Robertson et al. (2008) Chromolaena odorata  Identifying areas to explore for > 0.8 
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King and Robertson 
(Asteraceae) 
potential biological control agents 
(using the host plant distribution data)
*Robertson et al. (2008) used the latest version of CLIMEX (Sutherst et al., 2007b) that allows the selection of multiple “home” sites 
to be matched to multiple “away” sites.  
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Of the 15 papers reviewed for invasive plant prediction, (Table 5.1) that made use of the ‘Match 
Climates’ function of CLIMEX, 3 used it for predicting the distribution of potentially invasive 
species (Scott, 1991; Carter, 1993; Csurhes & Kriticos, 1994), 8 studies sought to predict the 
potential effectiveness of biological control agents including the most climatically suitable 
release sites (Wright & Stegeman, 1990; Adair & Scott, 1991; Wapshere, 1993; Byrne et al., 
2002; Day & McAndrew, 2002; van Klinken et al., 2003; Coetzee et al., 2007; Lawson et al., 
2008), and 4 used it to identify prospective areas for exploration of biological control agents 
(Goolsby et al., 2003; Dhileepan et al., 2006; Senaratne et al., 2006; Robertson et al., 2008).  
 
Climate models 
 
Models are generally constructed, with a variety of assumptions, to facilitate reasoning within a 
logical framework. The assumptions are usually justified on the grounds that they simplify the 
model while producing acceptably accurate results (Starfield & Bleloch, 1986). The purpose of 
producing climate based species distribution models is primarily to assist in decision-making. 
Computer based modelling tools are generally easy to access, cheap to develop, and produce 
results relatively quickly. Such models therefore, provide a cost-effective starting point as to 
where resources should be allocated; for example, surveillance and prevention or control. The 
predicted distribution of species is often used as the basis of management actions, consequently, 
an assessment of the reliability of predictions is vital (Cruttwell McFadyen, 1991). Often, little 
information is available for the potential distribution of a species and as such, extensive resources 
are allocated to areas where management is often unsuccessful. As always, a modelling approach 
often highlights what we do not know about an organism (Coetzee et al., 2007).  
 
Assessing the reliability of the models  
 
The ability to make reliable predictions with models would inform many issues in ecology and 
pest management. Before such models can be confidently used, their accuracy needs to be 
assessed. To assess the accuracy of existing CLIMEX models, and determine whether they are 
useful in predicting the distribution of invasive species and their subsequent biological control 
agents, I have set up an assessment criterion that has four steps:  
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1) development; 
2) testing;  
3) validation; and 
4) specification.  
More specifically, I analysed each study (Table 5.3 and 5.4) according to the questions in table 
5.2.  
 
Table 5.2. Questions used to assess each of the studies that used CLIMEX to predict the 
distribution of weeds or biological control agents. 
Step Questions 
1. Development Is the development of the model based on the native distribution or 
phenological data of the species and is this made clear in the paper? 
2. Testing  
 
Has the model been tested against a completely independent data set? 
3. Validation  
 
Is there any indication that the developer examined whether the predicted 
range overlaps with the known distribution of the species, in the predicted 
range? 
4. Specification a. Are the parameter values specified within the paper? 
b. Are there maps of predicted distribution to compare to actual 
distribution?  
c. Are there values for the EI bands associated with these maps? 
d. Is there any indication as to the extent of the native range/phenological 
data used for developing the model? 
e. Is there any indication as to where the developer obtained the data used 
for verification? 
 
The aim of the assessment criterion is to identify and correct anomalies in the model, or at a 
minimum, to ensure better transparency in the models output. The justification for each of these 
criteria is detailed below. 
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Model development 
When developing the model, the parameter values for the species should, at a minimum, 
represent the geographic distribution on which it is based. The fitting process is iterative and is 
continued until the predicted distribution best fits the known distribution. This step most often 
involves the native or introduced distribution as the base data (Zalucki & Rochester, 1997). The 
inclusion of the introduced distribution data may highlight alternate climatic conditions that the 
species can tolerate, rather than the conservative estimate the native distribution may give (Davis 
et al., 1998; van Klinken et al., 2009), and is typically used, where there is limited distribution 
data for the species (Lawson et al., unpublished). 
 
In many cases, the geographical distribution of a species is not well known but data on the 
seasonal dynamics and phenology of the species is available. Such information can be used in 
tandem with geographical data to develop a sound model. Phenology, or the influence of climate 
upon a species, can come from either controlled rearing experiments in a laboratory environment 
(Liu et al., 2002), or from documentation of a species response to seasonal climatic conditions at 
a locality (Khan, 1945). Quality phenological or seasonal dynamics descriptions from one, but 
preferably more locations, can provide an effective substitute for many individual presence and 
absence records of a species, as it narrows the range of possible parameter values (see Zalucki & 
van Klinken, 2006). 
  
In addition to this, data may be available on the abundance of a species at various locations. Such 
data is incorporated on the assumption that the larger the population in comparison to other areas, 
the more suitable the climate. As with phenological data, abundance data can provide some 
substitute for numerous presence-only records and thereby, reduce parameter uncertainty. 
Therefore, it can assist in initial development of the model. Development is an important step, as 
strong agreement between the model and the “known” distribution (or any of the other factors 
discussed) can demonstrate the ‘reasonableness’ of a particular model and whether it is suitable 
for use (Kriticos et al., 2003a). 
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Model testing 
Testing is one of the most important steps in any form of modelling. It is through this process that 
users can decide whether the model is a ‘true’ representation of the response being described. It 
allows the creator and potential user of the model to feel confident in the results they have 
produced. It is this step that many users of CLIMEX (and many other modelling tools) fail to 
complete or undertake well (Heikkinen et al., 2006). When using geographic data to develop a 
CLIMEX model, the prediction should be compared to an independent dataset (Heikkinen et al., 
2006). Independent data implies that there is no link between the development data set and those 
data used for fitting the model (Sutherst et al., 2004). That is, if a user is predicting the 
distribution of a species in Australia and you are using the distribution data based on records in 
North America, you should test your model by determining whether it predicts the distribution 
elsewhere in the world. In CLIMEX, it is not appropriate to sub-sample a geographic distribution 
and then use the remaining data set to test the model, because such data are not independent 
(Sutherst et al., 2004). 
 
There are issues with model testing if there are limited or no records of the species at alternative 
independent locations. A user cannot be as confident with the predicted distribution if it has not 
been compared to an independent dataset, as the invaders distribution may only be coincidental. 
To overcome this issue, the user might look at potential abundance of the species over time. If 
climate is a primary determinant of the geographic location of a species, then it is expected that 
climate may also influence the temporal variation in abundance of a species at a given location 
(Zalucki & Furlong, 2005). Given long-term climate data for a site, the estimated response of a 
species to climatic variation can be used to infer the temporal variation in suitability of that site 
for that particular species. In other words, we can determine the likely temporal abundance of a 
species at a given location and compare this to ‘real’ abundance data, if it is available.  
 
Model validation  
To assist in overcoming the imperfect nature of models and increase confidence in their 
predictions, it is important, to validate them. This can be done a number of ways, the best option 
being to ground truth current distribution data, particularly in the predicted range. The current 
‘real’ distribution should be positioned within the predicted distribution. Samways (2003) 
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suggests that any a priori climate model of the geographic range of a species is not strictly a 
scientific activity unless ground-truthed. If a species successfully established in an area deemed 
to be unsuitable by the model, the model then becomes invalid. Alternatively, if a species is 
unable to establish in a predicted area, there needs to be some consideration of the reason for its 
failed establishment (Kriticos et al., 2003a). Models can therefore be validated by examining 
predicted locations for the species concerned. This may be difficult if absences of the species are 
due to dispersal limitations, small initial population sizes, or local site specific factors and a 
transplant experiment or repeated releases may not be appropriate or possible. 
 
Biological control programs provide good data for validating models by releasing the agents into 
predicted and non-predicted locations and monitoring their establishment. Long-term persistence 
and increase in abundance in an area would appear to indicate that it is climatically suitable for 
the species and therefore a good test of a climate model. The model produced can also be tested 
using the temporal abundance data for a species. For example, the effect of climate on the 
distribution of a species is inferred, then this ‘model’ can be used to predict variation in 
abundance over time at a given location. The ‘model’ can then be tested for example, by catch 
data recorded at both ‘favourable’ and ‘unfavourable’ times (Zalucki & Furlong, 2005). In 
undertaking such comparisons, researchers must remember that models provide a generalised 
representation of trends, whereas recorded abundance typically exhibits background ‘noise’ as a 
consequence of the multitude of factors having an impact on the species (e.g. competition, 
microclimate, etc.). Therefore, recorded abundance data are best viewed in terms of trends when 
comparing them to model predictions. 
 
Model Specification 
Subsequent to the development, testing and validation steps, the presentation of the information 
related to a specific model provides transparency and repeatability. Presentation of the model’s 
parameter set allows other modellers to critique and test the model, and potentially add new 
distribution and phenological data as it becomes available. Another important element is clearly 
stating the Ecoclimatic Index (EI) bands shown on CLIMEX model maps, and ideally the 
justification for the ranges, as the choice of bands can affect the apparent prediction. The extent 
of the data used to make the prediction and verify the model should be presented in the text or in 
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the form of a map, as it provides at least some indication of the likely robustness of a model. For 
example, users examining a model based on a few records could be more cautious in accepting 
the predicted range of a species than a model based on extensive distributional data. 
 
 
CLIMEX predictions of invasive plants  
 
All of the 19 CLIMEX models reviewed (Table 5.3), which predict the potential distribution of a 
weed, successfully demonstrate that the model is developed using known distribution or 
phenological data.  
 
There was a large amount of variation in the way developers tested their models. Most studies (16 
out of 19, Table 5.3) that tested their model used a completely independent data set; namely data 
in addition to the native and predicted target range. Kriticos et al. (2003a) and (van Klinken et al., 
2009) used the species distribution data in the target range to test their models. van Klinken et al. 
(2009) added some physiological data into their model for testing; however, Kriticos et al. 
(2003a) justified their use of the predicted distribution for model testing by explaining that 
limited data were available for the climatic tolerances of the study species, rubber vine 
(Cryptostegia grandiflora). Dunlop et al. (2006) included the native range in their model testing, 
again due to the paucity of geographic range data. However, as mentioned earlier, there are 
alternative methods for validating models with limited geographic data. Using native and 
introduced range for testing the model again offers the possibility of including climatic conditions 
that the species may not experience in its native range (Davis et al., 1998; Lawson et al., 
unpublished); however, I argue that when this is done, model testing is not entirely rigorous. 
  
The way in which the models were specified varied greatly. Three studies did not state the 
parameters used to develop the model (Stewart et al., 1995; Mackey, 1997). Stewart et al. (1995) 
reference studies in which the model was originally developed so parameter sets could potentially 
be obtained from them. Heard and Forno (1996) was the only study that did not produce a map 
for the predicted distribution of their study species. The paper by Heard and Forno (1996) is more 
focussed on determining the effectiveness of a potential biological control agent for M. pigra and 
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probably explains why a detailed map was not included. They do include the predicted 
distribution of M. pigra; however, it does not indicate any levels of climatic favourability. Six 
studies failed to specify EI bands (Table 5.3), some using descriptive values such as “highly 
suitable”, which fails to allow adequate indication of a site’s suitability for a species. I believe 
that EI bands for maps should be specified, and a justification provided for selecting those ranges. 
 
The extent of the data specified for both model development and model testing varied between 
studies. For example, Lawson et al. (2004) indicated the use of 300 records from 62 countries and 
allowed correspondence for details of the data, whereas Pattison and Mack (2008) described their 
sources of data in detail giving references. Kriticos et al. (2003b) used both a map and a detailed 
list of sources. I suggest that the more detail given the better, although journals may be reluctant 
to include such data. Ultimately, clearly stating model parameters, EI bands, and the extent and 
sources of data used provides greater transparency and repeatability to studies and allows readers 
to critically assess a particular model. 
 
The category for validation allocated in this review is quite broad. I decided that if the study gave 
any indication that the developer had made a direct comparison between the predicted and ‘real’ 
distribution of the species in the introduced range, then the model was validated. The way in 
which this was done varied among the studies. For example, some produced a map of known 
locations in the introduced range (e.g. Kriticos et al., 2003b) whereas other studies described in 
detail the levels of match between the known and predicted distribution in the invasive range. 
Only one study (Mackey, 1997) failed to make a direct comparison of the known distribution data 
in the introduced range and the prediction from the model. However, this study is a review of pest 
status, written for the State-based Natural Resource Management department in Australia and 
therefore, lacks the detail one would expect of a scientific journal article. A priority for future 
work on the climatic predictions of CLIMEX models should be the re-evaluation of existing 
published CLIMEX models making use of the most currently available data for the species. This 
would provide a critical validation of the value of such models.  
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Table 5.3. Case studies of potential weed distributions using the ‘Compare Locations’ function in CLIMEX, assessing each study in 
comparison to the criteria outlined in Table 5.2. “Y” – indicates that study conforms to associated criteria, “” indicates that it does not 
conform to criteria. 
 
Potential weed distribution 
Reference Species Family Development SpecificationA Testing Validation
    a b c d e   
Julien et al. (1995) Alternanthera philoxeroides (Mart.) 
Griseb.  
Amaranthaceae Y Y Y Y Y Y Y Y 
Stewart et al. (1995) Alternanthera philoxeroides (Mart.) 
Griseb.  
Amaranthaceae Y  Y Y Y   Y 
Heard and Forno (1996) Mimosa pigra  Mimosaceae  Y Y   Y   Y 
McFadyen and Skarratt (1996) Chromolaena odorata (King and 
Robinson)  
Asteraceae  Y Y Y Y Y Y Y Y 
Scott (1997) Zantedeschia aethiopica (Spreng.)  Araceae  Y Y Y Y Y Y Y Y 
Lawson (1999) Anredera cordifolia (Ten.) Steenis  Basellaceae  Y Y Y  Y Y Y Y 
Lawson (1999) Schinus terebinthifolius Raddi  Anacardiaceae  Y Y Y  Y Y Y Y 
Holt and Boose (2000) Abutilon theophrasti (Medicus)  Malvaceae  Y Y Y Y Y Y Y Y 
Kriticos et al. (2003a) Cryptostegia grandiflora (Roxb. Ex 
R.)  
Asclepiadaceae Y Y Y  Y Y Y Y 
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SpecificationA  a. Are the parameter values specified within the paper? 
b. Are there maps of predicted distribution to compare to actual distribution?  
c. Are there values for the EI bands associated with these maps? 
d. Is there any indication as to the extent of the native range/phenological data used for developing the model? 
e. Is there any indication as to where the developer obtained the data used for verification?
Kriticos et al. (2003b) Acacia nilotica (Delile)  Fabaceae  Y Y Y  Y Y Y* Y 
Goolsby (2004) Lygodium microphyllum (Cav.) R. Br. Lygodiaceae  Y Y Y Y Y Y Y Y 
Kriticos et al. (2004) Nassella tussock (Nees) Hack. Ex 
Arechav  
Poaceae  Y Y Y Y Y Y Y Y 
Lawson et al. (2004) Cenchrus ciliaris L.  Poaceae  Y Y Y  Y Y Y Y 
Kriticos et al. (2005) Chromolaena odorata (King and 
Robinson) 
Asteraceae Y Y Y Y Y Y Y Y 
Dunlop et al. (2006) Senna obtusifolia (Irwin and 
Barneby) 
Fabaceae Y Y Y Y Y Y Y* Y 
Pattison and Mack (2008) Triadica sebifera (Small) Euphorbiaceae Y Y Y Y Y Y Y Y 
Rafter et al. (2008) Macfadyena unguis-cacti (Gentry) Bignoniaceae Y Y Y Y Y Y Y Y 
Mackey (1997) Cabomba caroliniana A. Gray Cabombaceae Y  Y Y Y    
van Klinken et al. (2009) Parkinsonia aculeata L. Caesalpinaceae Y Y Y  Y  Y* Y 
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CLIMEX predictions of biological control agents  
 
When biological control agents are introduced to a new environment, it is important to 
understand their climatic tolerances for them to have any chance at being successful. As such 
climate models are often used to explore the weed’s native region for potential agents (e.g. 
Senaratne et al., 2006), predict the agent’s potential distribution in its new environment (e.g. 
Scott & Yeoh, 1999) and as such, predict the best areas for release (e.g. Mo et al., 2000). Climate 
models have also been used to determine if climate was responsible for failed agent establishment 
(e.g. Byrne et al., 2002; Coetzee et al., 2007). To be successful, a biological control agent must 
first establish and persist in the introduced region (Robertson et al., 2008). As such, climate 
models developed for predicting agent distribution need to be as accurate as possible to ensure 
the effort expended in testing the agent pre-release and establishment of the agent is well 
targeted.  
 
Ten papers were reviewed that focused on using CLIMEX to predict the potential distribution of 
biological control agents (using the ‘compare locations’ function) (Table 5.4). Of these papers, all 
ten successfully developed their model by recursively fitting the data to the known distribution. 
Only three tested their model with an independent dataset (Scott, 1992; Julien et al., 1995; Scott 
& Yeoh, 1999). All of the studies supplied the parameters used to develop the model and 
produced a predictive map. Four of the studies failed to indicate EI bands on these predictive 
maps (Scott, 1992; Scott & Yeoh, 1999; Mo et al., 2000; Palmer et al., 2000). Three studies 
failed to indicate the extent of the native distribution or phenological data (Mo et al., 2000; 
Lockett & Palmer, 2003; Palmer et al., 2007), and most of the papers (70%) failed to include the 
extent of the testing data (see Table 5.4). This is probably because 60% of the studies failed to 
test the prediction using an independent dataset (see Table 5.4).  
 
The actual release of biological control agents according to the CLIMEX prediction is a good 
way to test models produced, and as a consequence, eight studies tested their model (Table 5.4). 
For some, validation is too early at this stage as the agents have not been released. Where this is 
the case I have allocated “n/a”. For each of the ‘validated’ models, CLIMEX produced an EI for 
the introduced range of the agent. In most cases where the EI was 0 or low (< 20), agents released 
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in those areas failed to establish (e.g. Palmer et al., 2007). There are several reasons why a 
biological control agent may fail to establish, including unsuitable climatic conditions, release 
strategies and predation pressure; however, from these examples, it appears important to initiate 
the release of biological control agents into areas that are climatically suitable. When used 
correctly, CLIMEX appears to be a good tool for making such predictions. CLIMEX can assist 
by at least ruling out climate as a reason for failed establishment, particularly if the agent is 
released in areas where the model predicts it to be suitable. This is provided that the models are 
accurate and reliable, as indicated by the verification, validation and testing of the climatic 
models produced. 
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Table 5.4. Case studies of potential biological control agent distributions using the ‘Compare Locations’ function in CLIMEX, 
assessing each study in comparison to the criteria outlined in Table 5.2. “Y” – indicates that study conforms to associated criteria, “” 
indications that it does not conform to criteria. 
 
Potential biological control agent distribution 
Reference Species Family Development SpecificationA Testing Validation 
    a b c d e   
Scott (1992) Perapion antiquum 
(Gyllenhal) 
Coleoptera Y Y Y  Y Y Y Y 
Julien et al. (1995) Agasicles hygrophila 
(Selman and Vogt) 
Chrysomelidae Y Y Y Y Y Y Y Y 
Scott and Yeoh (1999) Brachycaudus rumexicolens 
(Patch) 
Hemiptera Y Y Y  Y Y Y Y 
Mo et al. (2000) Euclasta whalleyi (Popescu-
Gorj and Constantinescu) 
Lepidoptera Y Y Y     Y 
Palmer et al. (2000) Aerenicopsis championi 
(Bates) 
Coleoptera Y Y Y  Y   n/a 
Lockett and Palmer (2003) Homichloda barkeri (Jacoby) Coleoptera Y Y Y Y    n/a 
Coetzee et al. (2007) Eccritotarsus catarinensis 
(Carvalho) 
Miridae Y Y Y Y Y   Y 
Palmer and Senaratne 
(2007) 
Cometaster pyrula (Hopffer) Lepidoptera Y Y Y Y Y   n/a 
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Palmer et al. (2007) Chiasmia inconspicua 
(Warren) 
Geometridae Y Y Y Y    Y 
Heard et al. (2009) Agonosoma trilineatum (F.) Scutelleridae Y Y Y Y Y   Y 
 
SpecificationA   a. Are the parameter values specified within the paper? 
b. Are there maps of predicted distribution to compare to actual distribution?  
c. Are there values for the EI bands associated with these maps? 
d. Is there any indication as to the extent of the native range/phenological data used for developing the model? 
e. Is there any indication as to where the developer obtained the data used for verification?
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Pros and cons of CLIMEX  
 
Climate based distribution modelling tools such as CLIMEX are relatively easy to use and 
may save valuable resources, such as time and money, by providing information for the 
management of an invasive species. The key concern, which arises with the resulting models, 
is that they are based on a number of assumptions, the most important being that the 
predicted distribution of species is determined by climate alone, i.e. competition, genetic 
variability and many other factors which are usually not considered. Justification for this lies 
in the evidence that the distribution of species are affected by climate (Hayes & Barry, 2008), 
but the extent to which this is the case, is unknown and probably varies from species to 
species. In addition to this, most climate models are based on presence only records, as 
absence records of most species are scarce.  
 
One caveat particularly emphasised by the developers of CLIMEX (Sutherst et al., 2004) is 
that it is necessary to check for non-climatic limiting factors when predicting the distribution 
of species. This can be very difficult, particularly for species with little or no data, and can be 
confounded by biased sampling and other issues. Inconsistencies with the predicted 
distribution and the observed distribution may highlight that non-climatic limiting factors are 
in action, and therefore can identify key questions for further research. It is important to 
consider any other factors that may limit the distribution of the species in question (Vera et 
al., 2002). For example, Vera et al. (2002) found that the lack of fit between the native and 
introduced distribution of the Mediterranean fruit fly, Ceratitis capitata (Wiedemann) 
(Diptera: Tephritidae), was credited with displacement by the Queensland fruit fly, 
Bactrocera tryoni (Froggatt). Samways et al. (1999) tested the accuracy of CLIMEX in 
predicting the distribution of 15 Chilocorus spp. by translocating them into areas tested by 
the model. They found that the distribution of only four species could be predicted with 
complete accuracy, acknowledging that other factors may influence the distribution and 
abundance of species. As mentioned previously, one of the main assumptions of CLIMEX is 
that climate is the determining factor, therefore one should not automatically view the low 
accuracy of predictions found by Samways et al. (1999) as a failure of CLIMEX. 
Consequently it is vital for modellers to test and validate their models thoroughly.  
 
Climate models, including CLIMEX, assume genetic homogeneity within a species (Kriticos 
et al., 2003b). The problem with this is that genetically different individuals may have 
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different responses to variation in climate. Identifying different genotypes can be impossible 
due to the paucity of knowledge of many species, the extra time and resources required to 
perform genetic analyses, and the reliance of most models on historical data that cannot be 
retrospectively separated. There is also the issue of predicting post-release genetic changes 
that may occur due to a founder effect. In nearly all instances, CLIMEX models conflate 
genotypes into a species-only model and inherently assume that the various genotypes are 
adequately sampled and reflected in the resultant model of the species. Additionally, 
migration and the influence of biogeographic barriers are not well handled except by the 
generation of a core model (EI positive) and potential range where GI is positive (GI > EI), 
which the species may be able to reach via movement.  
 
There are many uncertainties surrounding the modelling process. In some cases, climate 
models can be misleading or inaccurate, particularly when distributions are based on very few 
collection records (Lawson et al., unpublished). Inconsistencies at range edges are inevitable 
(Julien et al., 1995; Zalucki & Rochester, 1997). Microclimatic factors allow some species to 
survive in ‘unfavourable conditions’ on the edge of ranges (Kriticos et al., 2003b). For 
example, if a typically tropical species was found where the tropical region met with a cooler 
climate, the model may over-estimate the ability of the species to survive in cooler areas. The 
predicted distribution is highly dependent on how range outliers are factored into the model 
(Kriticos et al., 2003b).  
 
Models based on the ‘known geographic distribution’, restricted solely to the native range, 
may underestimate the potential distribution of a species. McFadyen (1986) found that 
Harrisia cactus (Eriocereus martini), in its native region, does not spread to areas with 
rainfall less than 750 mm. However, in Australia (QLD) it has become a pest in areas with 
rainfall of 500 mm. Climate models based on the known invasive geographic distribution 
may also be misleading. In a new area (i.e. invasive distribution), there is no evidence to 
suggest that the species has reached all suitable areas. In contrast, one would assume that a 
species has had the opportunity to reach its climatic limits in its native distribution. 
Nevertheless, the native region may have particular restrictions that prevent a species 
spreading further, for example, the aforementioned biogeographic barriers.  
 
It is important to proceed with caution when using CLIMEX or any modelling tools. In most 
cases, the predicted distribution is based on the best available knowledge, but how ‘good’ it 
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is, can be debated. It is particularly vital that users understand the data they are utilizing and 
clearly state any assumptions they have made in the development of a model, and provide a 
realistic assessment of the data on which a model is based. A model based on a small quantity 
of data may be sound, but it is important that users are aware of this so they can factor it into 
their judgement. Importantly, it also allows models to be revisited at a later date if more 
information becomes available. The models, when developed correctly, present constructive 
data concerning the potential for species spread. This can be used to assess management 
actions or to understand the biogeography of an invasive species. In terms of biological 
control, CLIMEX can assist in the selection of agents according to where they will perform 
best (e.g. Wapshere, 1985; Senaratne et al., 2006), and in deciding the ‘best’ release sites 
(Adair & Scott, 1991). Models further assist by providing justification for continued 
expenditure in the control of invasive species. A broad knowledge of the geographic 
distribution and climatic tolerances of a species will lead to a more accurate and less 
misleading model. CLIMEX should be used as a tool to guide decisions rather than as 
software that makes concrete decisions for a user (Kriticos & Randall, 2001). 
 
 
Summary  
 
CLIMEX is used predominantly by researchers interested in assessing the potential 
distribution of species in new environments. The pattern of species abundance and 
distribution is a highly studied area of population ecology. Generally, the abundance and 
distribution of species is dynamic (Hengeveld, 1990), and a number of hypotheses have been 
proposed to account for this variation (Zalucki & Rochester, 1997). There are two main 
schools of thought; those that view climate (either directly or indirectly) as the most 
influential factor (Andrewartha & Birch, 1954), and those that view multi-species interactions 
as paramount (e.g. Pimm, 1991). CLIMEX is founded on the former view and allows the user 
to predict where a species ‘could’ exist, based on a species’ response to climatic properties 
alone. It is this primary assumption that users need to identify and understand. As Davis et al. 
(1998) point out, competition and predation play an important role in the distribution and 
abundance of a species; however, CLIMEX is designed as a basis for understanding the 
geographic location and/or abundance a species can survive in, given ‘favourable’ conditions.  
 
 126
From this review, it is evident that the validation, testing and transparency of CLIMEX 
models should be afforded greater emphasis. According to the criteria introduced here, very 
few of the papers reviewed produced a completely ‘adequate’ model (i.e. developed from 
known data, validated and tested and clearly specified). Fitting a CLIMEX model for a 
species generally requires a whole series of subjective, albeit infrequently recognised, 
judgements by the user, and different parameter sets can result in very similar model 
predictions. Data that is more objective will potentially reduce the number of errors 
introduced because the number of parameters the user needs to estimate is lowered (Zalucki 
& van Klinken, 2006). Additionally, the data on which the models are based is often not 
published, which makes it difficult to judge how accurate a model may be. I suggest that 
authors provide enough information so that the model can be replicated and properly 
assessed.  
 
Predicting the distribution and abundance of a species sparks much discussion and debate. 
The way in which predictions are carried out is highly dependent on the data available. 
Accurate and complete predictions are likely to remain vague, even for the most rigorously 
studied organisms. Programs such as CLIMEX provide information as to the likely 
distribution and abundance of a species at a given location. They are useful as ‘first-filters’ 
for identifying the potential distributions (Heikkinen et al., 2006), and may at least alert 
management authorities at the extremities of invasions, or at least rule out some potential 
biological control agents ahead of testing, initial release or redistribution. Continued 
improvement of predictions is highly dependent on the correct use and testing of existing 
hypotheses and results from these models should be interpreted with a thorough 
understanding of the assumptions and limitations involved (Heikkinen et al., 2006).  
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Appendix 5.1. CLIMEX parameter values. Table adapted from Sutherst et al. (2004) 
Index & description Parameter 
 
Temperature parameter (ºC) 
 
Lower threshold of temperature for population growth  DV0 
Lower optimal temperature for population growth DV1 
Upper optimal temperature for population growth DV2 
Upper threshold of temperature for population growth DV3 
Moisture*   
Lower threshold of soil moisture SM0 
Lower limit of optimal range of soil moisture SM1 
Upper limit of optimal range of soil moisture SM2 
Upper threshold of soil moisture SM3 
Stress indices  
Threshold of cold stress (ºC) TTCS 
Weekly accumulation of cold stress (Week-1) THCS 
Threshold of heat stress (ºC) TTHS 
Weekly accumulation of heat stress (Week-1) THHS 
Threshold of dry stress* SMDS 
Weekly accumulation of dry stress (Week-1) HDS 
Threshold of wet stress* SMWS 
Weekly accumulation of wet stress (Week-1) HWS 
 
*Denotes dimensionless units 
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Chapter 6 
Long–term climate effects are confounded with the biological control 
program against the invasive weed Baccharis halimifolia in Australia 
 
Nikki M. Sims-Chilton, Myron P. Zalucki and Yvonne M. Buckley 
In Press 
 
For a summary of Chapter 6 see pages 23 and 25. 
 
Introduction 
 
Climate has long been recognised as one of the main factors influencing the establishment, 
distribution and abundance of plants (Thuiller et al., 2006). Fossil evidence (Davis & Shaw, 
2001) and recent observations (McCarty, 2001) have shown that changes in climatic 
conditions significantly influence invasive species’ expansion and contraction (e.g. Kriticos 
et al., 2003b). This is likely to have both economic and ecological consequences (Hellmann 
et al., 2008), particularly where invasive plants are concerned. Habitat suitability for invasive 
plants may shift with future climate change, causing changes in their distribution and 
population dynamics requiring consequent modification of management practices. Predicting 
future climate shifts is often problematic given that climatic models cannot be validated until 
the climate actually changes (Davis et al., 1998). Factors such as competition and herbivory 
also influence the abundance and distribution of species’ and these factors are not included in 
most climatic models.  
 
Plants that have been introduced outside their native range, have the advantage that they often 
arrive in a new environment free of their specialist natural enemies (Darwin, 1859; Dodd, 
1940; Keane & Crawley, 2002). Biological control, the process of importing these specialist 
natural enemies for control, is used world-wide in an attempt to reduce the impact of the 
invaders. Evaluation of efficacy of long-term biological control programs will be difficult if 
changes in climate simultaneously affect the distribution or population dynamics of the 
invader. It will not always be clear whether biological control or climate change is causing 
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changes in invasive plant populations and distributions, and this problem is likely to increase 
with projected future climate change (Davis et al., 1998). If climatic conditions increase the 
invasability of a species into new areas, further biological control agents may need to be 
introduced. On the other hand, if climate appears to reduce the impact of the invader, 
resources need not be allocated to enhancing a biological control program. Further to this, 
warming may be favourable to introduced agents by allowing additional generations in each 
season.  
 
Evaluating the impact of the agents on the invader is a largely neglected component of weed 
biological control (Carson et al., 2008; Morin et al., 2009). Most funding for biological 
control projects is directed towards surveying for, importing, testing and releasing agents; 
while little funding is allocated to assess the relative impact of the agents, many years after 
they are first released (Thomas and Reid 2007). Biological control is an expensive process, 
but in most cases the overall benefit to cost ratio is quite high (Page & Lacey, 2006). 
Evaluation of biological control after the agents are released can help to inform current 
programs and would provide a more accurate measure of success to researchers and funding 
bodies. In only a few cases, has a rapid collapse of a weed population post-agent release been 
observed, when it can generally be attributed directly to the biological control agents (Dodd, 
1940; Room et al., 1981; McEvoy & Coombes, 1999; De Clerck-Floate & Wikeem, 2009). 
Reliable assessment of less dramatic agent impact is difficult because only subtle changes 
may occur over long periods of time. As Smith and DeBach (1942) point out ”Critics 
contend, quite justifiably, that a reduction in the population following the establishment of 
one or more of its insect enemies is not necessarily proof that the enemy was the cause of the 
reduction…”. It has been suggested that many of the weeds successfully controlled in North 
America are species already under considerable ecological stress from drought, frost or 
competition. The addition of biological control may work by raising the stress level with a 
combination of factors contributing to control (Harris, 1980; De Clerck-Floate & Wikeem, 
2009).  
 
Evaluating biological control programs is a challenge under a changing climate because the 
change may affect the invader and/or the efficacy of the agents. Some biological control 
agents may be unsuccessful at establishment or dispersal due to limitations imposed by 
climatic variables (e.g. Jenkins & Hoffmann, 2001; Coetzee et al., 2007) or they may be 
regionally successful based on localised microhabitat conditions (e.g. Julien & Chan, 1992). 
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Statistical models have been used to evaluate the relative effects of rainfall and herbivory on 
invasive plant vital rates in long-term biological control programs; however, these are limited 
in their spatial and temporal scale (Buckley et al., 2003a). In recent years, bioclimatic models 
have been used to predict which agents are more likely to succeed based on climatic 
tolerances (e.g. van Klinken et al., 2003; Robertson et al., 2008), and then often used to 
predict the ‘best’ release site for the introduced agent (Adair & Scott, 1991; Palmer et al., 
2007), and even their potential population dynamics (Zalucki & van Klinken, 2006). Climate 
models have also been used to predict the potential distribution of an invader (Kriticos et al., 
2003b; Dunlop et al., 2006; Kriticos et al., 2006). Despite these recent applications of climate 
modelling, very few studies, to my knowledge, have examined the large-scale effects of 
climate on an invasive plant during a long-term biological control program. One similar study 
by Lakhani and Dempster (1981) showed that variations in tansy ragwort populations 
(Senecio jacobaea L. Asteraceae) could be predicted from rainfall patterns and therefore, the 
weed’s decline could not be attributed solely to the biological control agent released (Tyria 
jacobaea L.). In my study, I similarly investigate whether long-term climate trends are 
potentially confounded with effects of a biological control program.  
 
We use a climate suitability model to examine the effect of climate on groundsel bush, 
Baccharis halimifolia L. (Asteraceae). Anecdotal evidence suggests that this species has 
declined in abundance in Australia since the introduction, release and establishment of seven 
biological control agents since 1969 (Chapter 3). I investigate the impact of climate on 
groundsel bush over the past 100 years to see whether the postulated reduction may be due to 
climatic factors rather than the sole action of the introduced agents. I hypothesise that climate 
will have an impact on the predicted distribution of groundsel bush in the past and under 
future climate change. To test this, I developed a CLIMEX model for groundsel bush to 
predict potential current distribution of the weed in Australia and the effect of past and future 
predicted climate change on that distribution. I compared the model predictions with reported 
records of groundsel bush over the past 100 years and recent survey data (Chapter 3). Using 
the same parameterised model I, investigated the favourability for growth of this species 
throughout its current Australian range over the past 100 years, pre- and post-biological 
control. Agreement between the CLIMEX models and range observations from the 1960s and 
2000s increase our confidence in future range distributions under projected climate change 
scenarios, as well as interpretations of historic data.  
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Materials and Methods 
 
 Study species 
Groundsel bush is a perennial plant, introduced to Australia as an ornamental, in the late 19th 
Century (Winders, 1937). It is a densely branched dioecious shrub with pale yellow (male) or 
white flowers (female), growing to a maximum of 6 m high. It is native to the United States 
of America and grows vigorously under wet-tropical and sub-tropical conditions. After its 
introduction, the weed spread, and by the 1970s, it was found from Macksville 
(30º43'14.52"S, 152º54'39.35"E) in New South Wales to Miriam Vale (24º40'32.88"S, 
151º53'14.53"E) in Queensland (Auld 1970). Groundsel bush was declared noxious in 1951 
due to its low nutritional value for grazing livestock (White, 1936) and ability to dominate 
native and introduced pastures, particularly in the wetter parts of its range (McFadyen, 1972). 
Biological control was considered because the potential agents were more host-specific than 
chemical methods previously used. The biological control campaign began in 1963, and 35 
insect species were introduced for testing over a period of 25 years. The first agent was 
released in 1969. Of the 35 agents imported and tested, 14 were released, and only seven are 
thought to have established (Chapter 3, Tomley & Willsher, 2002; Sims-Chilton et al., 2009).  
 
Six insects (and one pathogen) are documented as established on groundsel bush populations 
in Australia: three species of Lepidoptera, Aristotelia ivae (Busck) (Gelechiidae), Bucculatrix 
ivella (Busck) (Bucculatricidae) and Hellensia balanotes (Meyrick) (Pterophoridae); two 
species of Coleoptera, Megacyllene mellyi (Chevrolat) (Cerambycidae) and Trirhabda 
bacharidis (Weber) (Chrysomelidae), and a dipteran, Rhopalomyia californica (Felt) 
(Cecidomyiidae) (Julien & Griffiths, 1998). All of the species are native to North America 
(Palmer & Diatloff, 1987; Diatloff & Palmer, 1988; Palmer & Haseler, 1992a, b) except for 
M. mellyi, which is native to South America (Boldt, 1987). The North American species are 
generally found along the eastern seaboard from Texas (29°27'3.6"N, 97° 29'38.3994"W) to 
New York (42°52'0.12" N, 71°4'0.1194" W)  throughout the range of groundsel bush 
(Diatloff & Palmer, 1988; Palmer & Haseler, 1992a, b), with the exception of R. californica, 
which is native to California, where it is found on Baccharis pilularis L. Asteraceae 
(McFadyen, 1984). Groundsel bush rust (Puccinia evadens Hark) (Pucciniaceae) has been 
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released more recently (1997), and is also reported to have established (Tomley & Willsher, 
2002). 
 
In the 1970s, groundsel bush was reported to occur from Marlborough in Queensland (QLD) 
to Sawtell in New South Wales (NSW) (Fig. 2.6 p. 30) (Auld, 1970). Priority for control of 
groundsel bush seems to have declined in the past 40 years; it is no longer a primary target 
for council control as it was in the 1950s. This could be due to effective biological and/or 
chemical control and/or a reduction in its weediness due to climatic influences. 
 
Climate modelling program 
We used CLIMEX v2.0 (Sutherst et al., 2004) to develop a model for the distribution of 
groundsel bush based on its recorded native distribution in the United States of America. 
Records of the presence of groundsel bush (Fig. 1.5 p. 29) were found by examining 
TROPICOS (Tropicos.org, 2009), reviewing the literature, and contacting several universities 
and herbaria in its native range (see Chapter 6 Acknowledgements). 
 
CLIMEX uses parameters entered by the user describing the species’ responses to various 
climatic conditions of temperature and moisture. These parameter values are inferred from 
the native geographic distribution of the species or they can be set using eco-physiological 
data. The model assumes that a species experiences a favourable season with positive growth 
and an unfavourable season with negative growth. The susceptibility of a species to 
prolonged periods of temperature or moisture extremes can be described by four stress 
indices (hot, cold, wet and dry) and their interactions (hot-wet, cold-dry etc.). A growth index 
(GI), scaled between 0 and 1, is calculated weekly, and is a product of the temperature (TI) 
and moisture (MI) indices i.e. GI = TI  MI (Zalucki & Rochester, 1997). The stress indices 
(SI), and their interactions (SX), are added to the model to produce an annual overall 
measure, the ‘Ecoclimatic Index’ or EI. The EI value indicates the favourableness of the 
location or year for the species, with a higher EI value being more suitable (Scott & Yeoh, 
1999). The EI is scaled 0 to 100 and is calculated as follows:  
 
EI = (100(Σ GI)/52)  SI  SX where 52 is the number of weeks in a year. Values of EI 
below approximately 20 are generally considered unsuitable for long–term persistence 
(Sutherst & Maywald, 1985). 
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Potential distribution 
The potential distribution of groundsel bush in Australia was mapped using the ‘compare 
locations’ function in CLIMEX. Temperature, moisture and stress parameters were adjusted 
(Table 6.1) until the CLIMEX prediction best fit the known native distribution (Fig. 2.5 p. 
29). The model was tested using an independent dataset of known locations of groundsel 
bush in Europe. Groundsel bush is a weed along the Atlantic coast of southern France and 
northern Spain (Westman et al., 1975), and my model predicts a high range of EI values for 
this area. To further validate the climate models, a field survey of groundsel bush populations 
(and the biological control agents which were not modelled using CLIMEX) was undertaken 
between October 2006 and March 2008 in south-east Queensland and northern New South 
Wales (Chapter 3, Sims-Chilton et al., 2009). The positive records for groundsel bush in 
Australia from the survey and herbaria agree with the EI values generated (Fig. 6.3a). 
 
Table 6.1. CLIMEX parameter values developed for groundsel bush. Determined by 
iteratively changing parameter values (from the ‘Temperate’ template in CLIMEX (Sutherst 
et al., 2004) until the prediction best fit the known native distribution.  
Index & description Parameter Value 
 
Temperature parameter (ºC) 
  
Lower threshold of temperature for population growth  DV0 5 
Lower optimal temperature for population growth DV1 12 
Upper optimal temperature for population growth DV2 27 
Upper threshold of temperature for population growth DV3 35 
Moisture*    
Lower threshold of soil moisture SM0 0.3 
Lower limit of optimal range of soil moisture SM1 0.6 
Upper limit of optimal range of soil moisture SM2 1.5 
Upper threshold of soil moisture SM3 2.5 
Stress indices   
Threshold of cold stress (ºC) TTCS -4 
Weekly accumulation of cold stress (Week-1) THCS -0.009 
Threshold of heat stress (ºC) TTHS 38 
Weekly accumulation of heat stress (Week-1) THHS 0.015 
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Threshold of dry stress* SMDS 0.2 
Weekly accumulation of dry stress (Week-1) HDS -0.01 
Threshold of wet stress* SMWS 3 
Weekly accumulation of wet stress (Week-1) HWS 1 
*Denotes dimensionless units 
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Figure 6.3a) Ecoclimatic index of groundsel bush as predicted by CLIMEX under no climate 
change. The darker the colour the more favourable the location for groundsel bush growth 
and survival. An EI below ca 20 is generally considered poor for long–term persistence of a 
species (Sutherst et al., 2004)  
b) The effect of one climate change scenario on groundsel bush (Baccharis halimifolia) i.e. 
2ºC temperature increase and 10% rainfall decrease (most likely climate change scenario 
(Hennessy et al., 2007). Please note that this image is in colour. 
 
 
Predicting distribution under climate change 
After parameterising the CLIMEX model under current climatic averages, four climate 
scenarios (Table 6.2) were chosen to reflect predictions of the future climate in Australia as 
per the Intergovernmental Panel on Climate Change (Meehl et al., 2007). The IPCC predicts 
that by 2050 the temperature within 400 km of the east coast of Australia will increase by 0.3 
to 2.7ºC and the rainfall in the same area is expected to range between –27 to +13% 
(Hennessy et al., 2007; Suppiah et al., 2007). The four maps (Fig. 6.3b, Appendix 6.1a, b & 
c) were produced to reflect the change in favourability of a location for groundsel growth 
with climate change, in comparison to the original model prediction (Fig. 6.3a). The change 
was calculated by determining the difference between EIs in each grid square before and after 
the climate change scenario was applied.  
 
 
Table 6.2. Climate change scenarios used to predict potential future distribution of groundsel 
bush. 
Scenario Temperature change  
(ºC) 
Rainfall change (%) 
 
Increase temperature & rainfall                 
Decrease in temperature & rainfall 
**Increase in temperature & decrease rainfall 
Decrease temperature & increase rainfall 
 
+2 
-2 
+2 
-2 
 
+10 
-10 
-10 
+10 
**Most likely climate change scenario in east Australia as predicted by the IPCC (Hennessy 
et al., 2007) 
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Favourability for growth over past 100 years 
The ecoclimatic index (EI) of groundsel bush was modelled for the past 100 years at 29 
different locations within the Australian range of groundsel bush using the ‘compare years’ 
function in CLIMEX. This function calculates a favourability index between 0–100 for each 
year. The index is based on the parameters entered as described earlier and produces the 
favourability index on a weekly basis, summing to obtain a yearly EI value. To determine 
whether the favourability (EI) changed over time, and to compare pre- and post-biological 
control periods, I constructed a linear-mixed effects model (hereafter LME).  
 
In LME statistical models, parameters vary at more than one level. More specifically, 
observational units in LME models are assumed to be non-independent, correlated data, and 
the addition of random effects allows multiple sources of variation to be investigated 
(Pinheiro & Bates, 2000; Ives & Zhu, 2006; McMahon & Diez, 2007). I separated the 
explanatory variables into fixed (year and biological control status) and random effects (site). 
Temporal autocorrelation is often a feature of time-series data, and I tested for autocorrelation 
of the residuals with an autoregressive model of order 1 (AR1 correlation). Likelihood Ratio 
(LR) tests were used during model simplification to assess the significance of deletions from 
the model. Maximum Likelihood was used when comparing models that differed in the fixed 
effects structure and Restricted Maximum Likelihood was used when comparing models that 
differed in their random effects structure (Pinheiro & Bates, 2000). The statistical program 
R2.7.2 (Team, 2008) and the nlme library were used for all statistical analyses. The standard 
arcsine transformation for proportion data failed to normalise the residuals; however, when 
data were ln(EI+1) transformed, assumptions of normality and homoscedasticity of residuals 
were acceptable. The Best Linear Unbiased Predictors (BLUPs) for each site were used to 
show predicted values (Pinheiro & Bates, 2000).  
 
 
 138
Results 
 
Potential distribution 
The potential distribution in Australia was predicted by fitting parameters iteratively until 
they best fit the known distribution (Fig. 2.5 p. 29) of groundsel bush in the United States of 
America (Fig. 6.4). The potential distribution of groundsel bush was then predicted for 
Australia (Fig. 6.3a). The distribution conforms to collection records and present distribution 
in Australia (Fig. 2.6 p.30); however, the plant appears to have the potential to spread further 
south into southern New South Wales, Victoria and Tasmania.  
 
 
 
Figure 6.4. Ecoclimatic index for groundsel bush (Baccharis halimifolia) in the United States 
of America. The darker the colour, the more favourable the location for growth and survival 
of groundsel bush. An EI below ca 20 is generally considered poor or marginal for long–term 
persistence of a species (Sutherst et al., 2004)  
 
 
Climate change 
The potential distribution of groundsel bush under climate change varies with each scenario 
(Fig. 6.3b and Appendix 6.1). A 2ºC increase in temperature and 10% rainfall decrease is 
noted as the most likely climate scenario under climate change (Hennessy et al., 2007). 
Under these conditions, there is an obvious decrease in favourability throughout most of 
Australia, and particularly, in the currently known distribution of groundsel bush (Fig. 6.3b). 
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The most unlikely climate change scenario (–2ºC and +10% rainfall) is the prediction that 
produces the highest increase in favourability in the current known range (Appendix 6.1). A 
decrease in rainfall (10%) and temperature (2ºC) decreases the favourability for growth of 
groundsel bush in the northern half of Australia (Appendix 6.1) and increases in the southern 
part of Australia. Throughout its current known distribution the favourability seems to 
decrease. An increase in rainfall (10%) and temperature (2ºC) demonstrates the opposite 
pattern (Appendix 6.1).  
 
Favourability for growth over past 100 years 
The maximum ecoclimatic index (averaged within and then across sites per decade) was 42.4, 
which occurred in 1950. Overall, the EI declined during the post-biological control period 
from its peak values (Fig. 6.5a) just before the biological control program began by 15–54%, 
depending on site (Fig. 6.5b).  
 
 
 
Figure 6.5a) Maximum Ecoclimatic Index (EI) values (post–biological control) – the size of 
the circle represents the magnitude of the EI.  
b) Percentage decrease in EI since 1969 (introduction of biological control) relative to the 
initial EI value from each site. Sites are those surveyed in the past three years. The larger the 
circle the larger the percentage decline in climatic favourability (EI).  
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The linear mixed effects model showed a small significant positive auto-correlation (Ф < 
0.051) between years (P < 0.005), indicating that successive years were similar to each other. 
The interaction between year and status (pre- and post- biological control) was significant in 
influencing the ecoclimatic index at a site (P < 0.001, LR1,6 < 70.4). Across all sites, the EI 
increased over time before biological control (“pre”) and decreased after biological control 
was introduced (“post”) (Fig. 6.6). The slopes of the interaction did not vary with site identity 
(P > 0.8, LR < 2.6x10-6); however, I maintained variance in the intercept across sites within 
the model to account for site to site variability in EI (Best Linear Unbiased Predictors for the 
Ballina and Bundaberg sites shown in Fig. 6.6). All of the sites (29 sites) looked similar; 
however, the intercept varied between sites (BLUPs for all sites shown in Appendix 6.2).  
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Figure 6.6. Ecoclimatic Index (logged) of groundsel bush over time at two sites:  
Ballina and Bundaberg. The years indicate years before and after biological control (i.e. ca 70 
years before control and ca. 40 years after control).  
o = EI values before biological control, ▲ = EI values after biological control   
Dashed line - - predicted values from the model for pre-biological control 
Solid line – predicted values from the model for post-biological control 
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Discussion 
 
This study investigates an alternative hypothesis for groundsel bush decline after biological 
control agent introduction, by examining the effect of climate on this species since its 
introduction into Australia in the late 1800s. The key message of this study is that one cannot 
surmise that a decline in weed populations following the introduction of biological control 
agents is totally attributable to the agents themselves; other factors such as climate can have a 
significant impact.  
  
The models in this study show that climatic conditions were most favourable for growth (EI 
was the greatest) from when the species was first introduced (early 1900s) to about the 1950s, 
which is when it was declared noxious. In the 1960s, groundsel bush populations were then 
targeted for biological control and the models show that at approximately the same time, the 
favourability of conditions for growth were gradually decreasing throughout the range. A 
similar alternative hypothesis to evaluating a pest management program was developed by 
Readshaw (1986). In the 1980s, a $50 million campaign began to attempt to eradicate 
screwworm, a major invertebrate pest in livestock in Texas, USA. At the same time that the 
eradication attempt was deemed a success, Readshaw (1986) showed that the decline of the 
pest could also be due to natural variation in climate, and as such, he suggested new 
outbreaks could occur if climatic conditions increased in favourability again. 
 
The predicted distribution of groundsel bush in Australia from my CLIMEX model 
demonstrates that it may not have spread to its full extent. Groundsel bush has a tolerance to 
temperate and subtropical environments. It is possible that its southern extension in Australia 
is limited by prolonged freezing as it can withstand low temperatures, but not for long periods 
(Westman et al., 1975). Groundsel bush’s status as a noxious weed may also be limiting its 
migration southward because management authorities are aware of the problems it causes 
further north and, as such, are active in management of the weed (treatment of population 
patches with herbicides).  
 
With climate change, average temperatures across Australia are expected to increase. Areas 
with prolonged cold periods may be more susceptible to invasion as they become warmer. 
Hence, more rapid migration south might occur in the future. Rainfall levels in the areas 
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where groundsel bush dominates now are expected to decline, which may mean a reduction 
in suitability and population sizes. Krischik and Denno (1990a) found that groundsel bush 
populations found in high quality environments with sufficient nutrients and moisture had 
higher numbers of females, whereas in low quality areas there was a higher ratio of males. 
This suggests that due to water limitation there may be a higher ratio of males, therefore less 
seed produced, and subsequently, a decline in population sizes. Freeman et al. (1976), in a 
similar study to Krischik and Denno (1990a), examined five dioecious wind pollinated plants 
and found males were more abundant in dry sites and greater numbers of females in wet sites. 
Wetter areas may therefore have larger populations consisting of a high number of females 
with higher seed set and recruitment.  
 
Future climate predictions for the current distribution of groundsel bush are for higher 
temperatures and less rainfall. Given this, my models show that climatic conditions will be 
less favourable for groundsel bush growth (in its current known distribution), and as such, 
populations may continue to decline and/or shift further south. The effects of the biological 
control agents may also change with their tolerances to variation in climatic conditions. 
Changing climatic conditions are problematic for evaluating the effect of biological control 
agents as their impact may be confounded or influenced by variation in climate, however the 
agents were not modelled in this study. This is particularly likely at range edges where the 
climate is probably less suitable. Variability in effectiveness of agents has been found in a 
number of species. For example, the biological control program against water hyacinth, 
Eichhornia crassipes Mart. Solms (Pontederiaceae), has been more successful in sub-tropical 
and tropical regions than in South Africa. A CLIMEX model developed by Coetzee et al. 
(2007) showed that the distribution of one of the agents may be limited by low winter 
temperatures and therefore ineffective in cooler areas in South Africa.  
 
Being purely climate based, my model ignores other potential factors that might determine 
habitat suitability for groundsel bush. The spatial and temporal distribution of species is 
known to be influenced by a number of factors other than climate, including resource 
availability, genetic variability, competition and predation. Climate models are therefore 
criticised for not taking these factors into account (Davis et al., 1998). However, in a given 
climate, factors such as habitat, resources, competitors and predators further define the 
presence, absence and variation in abundance of a species at various scales. Additionally, 
being based on climatic averages the model does not allow for microhabitat conditions which 
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might be quite different to the conditions of the overall area. For example, if the plants are 
situated in a drainage channel that provides consistent moisture, then they may be able to 
survive in the general area, which would normally be climatically unsuitable.    
 
Despite these limitations, it is important to understand that a reduction in pest populations 
after biological control does not necessarily equate to success of a biological control program. 
It is essential to consider alternative hypotheses. In the early years of a biological control 
program, it is generally possible to examine similar sites with and without the agents, but 
once the agents have dispersed, it can be difficult to evaluate long-term success. It is difficult 
to separate the interacting effects of climate and biological control without conducting 
controlled experiments, such as a glasshouse experiment under controlled climate conditions 
with agents present and absent.  
 
Groundsel bush populations appear to have declined and its status as a pest seems to have 
lessened. Is the decline of this pest due to less favourable climatic conditions, successful 
biological control, effective herbicide management or a combination of these? Chapter 3 and 
4 investigated the effect of the agents in the field; however, there is difficulty in trying to 
separate the effect of climate from the agents, not to mention other factors such as herbicide 
application and land clearing. These factors almost certainly play a role in the reduction of 
groundsel bush, at least locally (pers. obs.).  
 
The models presented in this chapter predict the future distribution of groundsel bush. From 
these models, it is suggested that resources should be allocated to those areas where the 
model predicts the growth of groundsel bush is likely to be highly favourable in the future. 
The most likely climate change scenario for the future is for a warmer and drier climate, 
which does not favour the growth and survival of groundsel bush in its current distribution 
(south-east Queensland and northern New South Wales). Providing groundsel bush is 
contained within south-east Queensland and northern New South Wales, it may not prove to 
be a problem in Victoria and Tasmania as predicted by the model. The combination of the 
predicted distribution under climate change and the small impact of the biological control 
agents, groundsel bush may continue to decrease as a priority weed in Australia.       
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Appendix 6.1.  
Effect of climate change on the distribution of groundsel bush (Baccharis halimifolia) a) 2ºC 
temperature decrease and 10% rainfall increase, b) 2ºC temperature decrease and 10% rainfall 
decrease and c) 2ºC temperature increase and 10% rainfall increase. In each case the scenario 
is compared to the original prediction in Fig 6.3a. Please note that this figure is in colour. 
a) 
 
b) 
 
c) 
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Appendix 6.2 
Ecoclimatic Index (logged) of groundsel bush over time at 27 sites. The years indicate years 
before and after biological control (i.e. ca 70 years before control and ca 40 years after 
control).  
o = EI values before biological control, ▲ = EI values after biological control.  
Dashed line - - predicted values from the model for pre-biological control. 
Solid line – predicted values from the model for post-biological control. 
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 Chapter 7 
 
Discussion and Conclusions 
 
The overall aim of the research presented in this thesis was to evaluate the effectiveness of 
the biological control program of groundsel bush. More specifically, I aimed to determine the 
impact of the various groundsel bush biological control agents on individual plants and 
populations, as well as investigating climate as a confounding factor. Overall, my research 
findings contribute to a better understanding of how to best evaluate a post-release biological 
control program, using groundsel bush as a case study.  
 
Evaluation is the least implemented step in biological control programs (Carson et al., 2008; 
Morin et al., 2009), despite being arguably the most important (Blossey & Skinner, 2000; 
Paynter et al., 2006). Most programs are gauged on the successful establishment of a 
biological control agent. Yet on average, it takes approximately 10 to 12 years for an agent to 
reduce target weed levels (McFadyen, 1998), therefore ongoing studies such as this are 
required to ‘properly’ evaluate biological control programs. The research presented in this 
thesis demonstrates how this can be done with a biological control program (which began in 
the 1960s) and using a combination of observational, empirical and statistical as well as 
climate modelling approaches.  
 
Three key outcomes from this research that contribute to better understanding of biological 
control evaluation practices:  
1. Biological control agents (post-release) can be patchy in their distribution and 
effectiveness because they are influenced by a number of biotic and abiotic factors 
(Chapter 3). These factors need to be taken into consideration when evaluating the 
effectiveness of any biological control program. Evaluations should therefore be 
conducted over a large spatial and temporal distribution.   
2. Biological control agents may establish and persist in the long term; however, the 
damage they inflict may not be sufficient to reduce individual plant vital rates or 
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population growth rates. As a result, biological control programs need to be 
repeatedly evaluated over the long-term (Chapter 4). If possible, evaluations should 
use before and after measurements of plant growth and reproduction as well as 
empirical and modelling studies. 
3. Climate may be a confounding factor in biological control programs. Over time, 
climate effects may lead to increases or decreases in the distribution of an invasive 
plant species (Chapter 6) as well as having an impact on the control agents directly 
and the interaction between the two. Therefore, biological control practitioners 
conducting evaluations need to take abiotic and biotic impacts on the agents and the 
weed, into consideration.      
Thorough evaluation of biological control programs is severely lacking (Morin et al., 2009). 
Of those studies that do evaluate agent impact, most focus only on the individual plant level 
effects (Sheppard et al., 2001; Wolfe, 2002). Most of these studies discuss the importance of 
examining the population level effects, but rarely follow up, possibly due to lack of time and 
funding. For example, the surveys and experiments in this thesis alone took over 3-years and 
approximately $15,000. Long-term monitoring of the weed before and after biological control 
efforts can provide valuable ecological information about the biological control program and 
the response of individuals and populations of plants (Blossey, 1999). Thorough evaluation 
provides the opportunity for biological control research to improve or advance. If scientists 
want to minimise the risk of non-target impacts and use biological control to reduce invader 
impact, thorough evaluations, like the research presented in this thesis, are vital. 
Main outcomes and limitations 
A number of methods have been proposed for evaluating biological control (reviewed in 
Farrell & Lonsdale, 1997; Carson et al., 2008; Morin et al., 2009). This thesis provides a 
relatively thorough ecological evaluation of the biological control program of groundsel bush 
using observational, experimental and modelling techniques.  
The stepwise approach used in this evaluation included: 
1. a range wide agent damage survey; 
2. examination of individual plant level impacts of agents using statistical models and 
experiments; 
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3. building a population matrix model to examine population level impacts of agents; 
and  
4. investigating climate as a confounding factor. 
In light of the results of this research, I have elucidated a number of additional studies that 
would further strengthen the evaluation process.  
 
Chapter 3  
Patchy herbivore and pathogen damage throughout the introduced Australian range of 
groundsel bush, Baccharis halimifolia, is influenced by rainfall, elevation, temperature, plant 
density and size.  
The key outcome of this chapter was that groundsel bush biological control agents are patchy 
in their effectiveness according to variable conditions such as rainfall, temperature, elevation, 
plant size and population density. In addition to the abiotic and biotic factors affecting 
biological control agents examined here, future investigations of how predators or parasitoids 
in the system influence both the weed and the wider insect and plant communities 
(Carvalheiro et al., 2008) would be informative. In Chapter 4, I demonstrated that the gall-
former has considerable unrealised potential to dramatically reduce population growth rates 
of groundsel bush. However, parasitoids of the groundsel bush gall-former were noted soon 
after its release and it may be these parasitoids that limit either the distribution or 
effectiveness of the gall-former. Examination of plants at sites with and without parasitised 
gall-formers may show the reduced effectiveness of the parasitised gall-formers on the plant’s 
growth and reproduction. Using statistical models we may also be able to simulate the system 
to determine the impact of the parasitoids. Harris (1991) also notes that Cecidomyiidae gall-
formers do not make good biological control agents as they readily acquire parasitoids.  
The introduced agents themselves may be competing with each other for resources. For 
example, the two stem-boring agents feed on the same part of the plant and their native 
ranges overlap. Groundsel bush and its associated agents have subsisted for decades in 
Australia, which is enough time for competitive interactions to develop. Additionally, 
generalist feeders may be having an effect on the performance of groundsel bush plants, but 
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these potential effects were not examined in this study. In some cases, native insects may be 
pre-adapted to or evolve to use the invader as a host plant (Carroll et al., 2005); however, this 
was not specifically examined. Future studies could involve setting up sticky traps or 
conducting destructive sampling to develop a better understanding of the dynamics of 
individual agents, predators and generalist feeders. 
In Chapter 3, I used observations of damage as a surrogate for population size of the agents. 
Direct counts can be more informative, but these measures are often difficult to assess 
accurately because of the highly variable nature of insect behaviour and phenologies 
(Schooler & McEvoy, 2006). For this reason, I felt that damage estimates were the best 
method for determining agent impact. The insect surveys were conducted only twice per year 
and in some cases only once per year. Due to the varying phenologies of the agents it was 
difficult to sample during times when all were active. As a result, some damage levels 
recorded may not be representative of their full damage potential. Surveys such as this do not 
provide measures of the effects per se; experimentation is needed for this (as in Chapter 4). 
Concentrated sampling in fewer sites and repeated sampling throughout the season may be 
future approaches that could lead to more detailed information on damage activity of the 
agents. From my broad survey, sites were identified with contrasting damage levels and agent 
composition and could provide useful starting points for more detailed future study. This 
information could be used to develop experiments to assess the direct effects of the agents 
individually and together and control for other confounding factors.  
 
Chapter 4 
Long-term efficacy of biological control agents for an invasive shrub: linking damage effects 
on individual plant vital rates to population dynamic consequences  
In Chapter 4, the models and simulations demonstrated that the biological control agents, 
released for groundsel bush may be successful at reducing individual plant and population 
growth rate if agent damage were at high levels. The insecticide exclusion experiments 
verified this finding because a positive growth response coinciding with the reduction of 
herbivore load by the insecticide was found.  
The simulations showed that one agent (the gall-former, R. californica) reduced the growth of 
groundsel bush the most. A contentious issue in biological control is whether releasing one 
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agent at a time is more effective than the lottery approach, where multiple agents are 
imported and released with the expectation that one will eventually have an impact (Denoth 
et al., 2002; Sheppard, 2003). If detailed post-release evaluations were conducted on 
groundsel bush, some of the agents may not have been needed. Alternatively, significant 
resources may have been wasted by conducting individual evaluations of each agent. It is 
difficult to determine the best strategy, and controlled glasshouse simulations, which directly 
manipulate insect density and/or attack rates (e.g. Mitchell et al., 2006), may help determine 
which agent has the most impact, or prior to release, the most potential impact. Statistical 
models may further support the results of the laboratory simulations, demonstrating which 
agent is likely to be the best at reducing plant vital rates. In the groundsel bush case, the gall-
former has the potential to have the most impact on plant vital rates; however, larger 
populations and subsequently lower parasitism are required to see a significant effect.  
Population matrix models are useful for predicting the population growth rate (λ) of a species 
with a small parameter set (Ramula et al., 2008). Matrix models are not entirely robust and 
are often criticised for a number of reasons (summarised in Ellner & Rees, 2006), such as 
arbitrary allocation of individuals to each stage in the model. My matrix model lacked large 
numbers of small individuals so the estimate for the population growth rate is likely too high. 
Despite these shortcomings, the matrix models in this thesis show that increasing agent 
damage levels reduces population growth rate of groundsel bush, and that this is robust to a 
broad range of parameter values for seedling recruitment. 
To further test the impact of high levels of agent damage, application of a nitrogen treatment 
could be conducted in the future. Van Hezewijk et al. (2008) demonstrated an increase of 
more than 20% in the amount of leaf tissue consumed by biological control weevils on 
houndstongue (Cynoglossum officinale L.) when nitrogen was added. The addition of 
nitrogen also increased the fecundity of the female weevils by 24%. While fertilisation with 
nitrogen may be an effective means of increasing the number of agents and their fecundity at 
a site and further increasing damage levels to plants, fertilisation will also increase the vigour 
and survival of individual plants, thereby increasing the population growth rate. The positive 
and negative tradeoffs of fertilisation as a strategy require further exploration; Room et al. 
(1989) have explored this in aquatic systems. This strategy may also be appropriate for 
locally boosting populations of the biological control agent to aid establishment or as 
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“biological control agent farms” for redistribution to other weed populations (Van Hezewijk 
et al., 2008). 
  
In Chapter 4, I used insecticide exclusion experiments to measure the impact of the insect 
herbivores on groundsel bush vital rates. This method is highly effective as it provides a good 
estimate of herbivore impact in a field setting; however, there are numerous issues that need 
to be considered. Most insecticides (including Imidacloprid, which was used in this study) are 
not specific and exclude all insect herbivores on a plant. Therefore, the results from this study 
may be confounded with the impact of generalist insects. During surveys of agent damage, I 
did not specifically observe a large number of generalist herbivores, but I was not specifically 
searching for them. As discussed earlier, other sampling methods (such as sticky traps) may 
have detected any common generalist species feeding on groundsel bush. Also some 
generalist damage types may have been excluded by the insecticide but not detected in the 
observational surveys. 
 
 
Chapter 6 
Long–term climate effects are confounded with the biological control program against the 
invasive weed Baccharis halimifolia in Australia 
Overall, the key outcome of this chapter was that caution should be taken when assessing the 
efficacy of biological control programs, as a reduction in plant population size following the 
introduction of biological control agents may not be the result of agent pressure. Using 
climate modelling tools, I demonstrated that climate may have an impact on the favourability 
of a location for growth of groundsel bush. Interestingly, the decrease in climate suitability of 
many sites for groundsel bush coincided almost exactly with the first biological control agent 
releases, making it impossible to attribute any correlative changes in distribution or 
abundance to either effect alone.  
Climate models are often criticised for the significant assumption that the distribution of a 
species is determined solely by climatic factors (Davis et al., 1998). However, the spatial and 
temporal distribution of species is known to be influenced by a number of factors other than 
climate, including resource availability, genetic variability, competition and predation. In a 
given climate, factors such as habitat, resources, competitors and predators further define the 
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presence, absence and variation in abundance of a species at various scales. Additionally, 
being based on climatic averages the model does not allow for microhabitat conditions, which 
can also be highly variable in a given area. For example, if the plants are situated in a region 
where moisture levels are generally considered to be below a threshold for survival, the 
plants may still be able to survive because of additional water availability in the local habitat, 
i.e. in a local drainage channel. The results from Chapter 3 emphasised the fact that the 
agents’ distribution and effectiveness may also be influenced by climatic variables. As such, 
CLIMEX models of all of the agents would be useful to develop in the future.  
It is important to acknowledge that the reduction of an invader may be due to numerous co-
occurring factors. During the time I conducted my research, a number of potential and actual 
study sites were developed into roads and housing estates. With growing infrastructure along 
the coast of south-east Queensland and northern New South Wales, clearing of land inhabited 
by groundsel bush is inevitable.     
 
Chapters 2 and 5 provide detailed reviews on the ecology, biology and management of 
groundsel bush and the use of CLIMEX in biological control research respectively. Each of 
these chapters contributes to a better understanding of their respective topics and provides an 
assemblage of information for people to easily access and reference.  
 
Conclusion  
Although the research presented in this thesis evaluated the efficacy of a biological control 
program after 40 years of the first agent release, the strength of an evaluation program is only 
of value if detailed pre-release and short-term post-release records are kept. The results of 
this research clearly show the need for thorough evaluations, and for detailed data to be 
collected on the target plant’s demography and population sizes pre- and post-release. At a 
minimum, this should enable biological control practitioners to determine some level of agent 
efficacy. 
To date, I have examined the impact of biological control agents at an individual plant level 
and local population level. The next step in the evaluation process would be to expand the 
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full experimental exclusion trial to a regional scale (McEvoy & Coombs, 1999). As 
mentioned earlier, groundsel bush and its associated agents may respond in numerous ways to 
variable microhabitat conditions. Extrapolating this study on a larger scale would help to 
determine the agents’ impact under different conditions such as water stress (Dhileepan et al., 
2000) or seasonality (Bossard & Rejmanek, 1994). Successful biological control programs 
are often only those which are successful in restoring a native community i.e. replacement of 
the invader by more desirable vegetation. This step is conducted even less often than 
evaluation of agent impact (McEvoy et al., 1993).  
There are a number of studies which could be conducted to further understand the groundsel 
bush system. Controlling groundsel bush using herbicide may be more effective than 
biological control; however, no studies have been conducted to confirm this. Therefore, 
future studies may factor in herbicide treatment of some patches to determine the impact on 
the agents (i.e. do they return when plants return after control) as well as the population 
dynamics of the invader. Simulation experiments in a controlled environment may also be 
useful in determining the relative impacts of varying levels of individual agent damage. In 
addition, climate models predicting where the agents are most likely to survive would provide 
insight into their ability to have an impact on populations of groundsel bush. Groundsel bush 
occurs in Europe and Australia as an invader. To better understand its invasive properties it 
would be interesting to conduct worldwide molecular studies in both native and invasive 
regions.   
Currently, we may not be seeing an impact of the biological control agents on groundsel 
bush, as all “susceptible” plants have been selected against over the past 40 years. The 
remaining plants may be those with the phenotypic plasticity or evolved ability to resist or 
defend against herbivore attack. It may also be that the populations of insects are currently 
low due to factors such as climate. This again emphasises the need for post-release studies to 
be conducted in the short- and long-term to assess whether plant population composition is 
changing in response to herbivore pressure or whether there have been any population genetic 
changes in groundsel bush between its native and introduced ranges. The research presented 
in this thesis provides a good starting point for the full evaluation of the groundsel bush 
biological control program; however, as outlined in this discussion, a number of additional 
experiments should be considered for future work.  
 160
The results from my thesis demonstrate that the agents released for the control of groundsel 
bush in combination may have been effective at slowing growth rate and reducing the 
reproductive output of groundsel bush plants. In combination with climate effects and 
land-use changes, groundsel bush is less of a problem for land holders now than it was in the 
1950s. Using DeBach’s (1942) definition of success below, the biological control program of 
groundsel bush has been successful in most areas of its range (although it still remains in 
large populations in some areas in Queensland and New South Wales). 
1. introduction of the natural enemy in several locations, followed by a reduction in pest 
populations;  
2. pest populations remain at a low level following establishment of the natural enemy; and  
3. survivorship of pest populations is higher when protected from attack by the agents than 
when exposed. 
The issue with claiming the groundsel bush as successful according to DeBach, however, is 
that the “introduction of the natural enemy in several locations, followed by a reduction in 
pest populations” may be confounded by climate in this case (see Chapter 6).   
Evaluation of programs such as the groundsel bush program is of little use if no 
recommendations for management can be made. As a result of my research, I suggest that 
councils and land owners consider an integrated management strategy, particularly in areas 
where growth for groundsel bush is favourable and damage caused by agents is relatively 
low. As the climate warms in Australia, land holders in its current range and those in the 
southern states such as New South Wales and Victoria should continue an integrated 
management strategy of herbicide management and use biological control in those areas 
where groundsel bush is inaccessible.   
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